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non-shape selective catalysts and the proposed pathway. The major nonene carbon skeletons 
observed experimentally were, according to the proposed mechanism, primary products or 
, 
those that had undergone rapid methyl-shift reactions. The agreement between all the product 
spectra father pointed to a common reaction mechanism. 
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CHAPTER 1 - INTRODUCTION 
1.1 Introduction 
The primary aim of this thesis is to develop a fundamental, mathematical model for high 
pressure propene oligomerisation over H-ZSM-5. To this end, this introductory chapter first 
revises the characteristics and applications of catalysts which have been shown to be active 
for oligomerisation. This is further split into acid catalysts, heterogeneous nickel catalysts, 
other transition metal catalysts and finally homogeneous metal catalysts. The next section 
covers the various mechanisms of oligomerisation on different catalyst types since an 
understanding of these mechanisms is an important step in the modelling process. Following 
this, the modelling of oligomerisation reactions is reviewed with an additional section on 
other complex reaction models. Throughout this chapter heterogeneous acid catalysts are 
given the most emphasis, especially H-ZSM-5, since this thesis is concerned with modelling 
oligomerisation over acid catalysts. The final sections of this chapter cover the objectives of 
this study and the approach to studying this complex reaction in detail. 
During oligomerisation light olefins are polymerised into molecules consisting of a small 
number of monomer units, termed oligomers. This industrially important reaction is used to 
synthesise motor fuels, plasticizers, medicines, dyes, resins, detergents, lubricants and 
additives (O'Connor and Kojima (1990)). Alpha-olefins produced via homogeneous ethene 
oligomerisation have a very wide application as can be seen in the Table 1.1 (Al-Jarallah et 
al. (1992)). 
Heterogeneous acid catalysts, of which zeolites are important examples, are used in the 
production of hydrocarbon fuels. An example of the commercial application of this reaction 
is the Mobil Olefins to Gasoline and Distillate (MOGD) process which converts light olefins 
to synthetic fuels using the shape selective catalyst H-ZSM-5 (Tabak (1984)). Homogeneous 
catalysts are also widely used in commercial processes. In their review Al-Jarallah et al. 
(1992) provide examples of the commercial application of homogeneous ethene 











































































































































































































































































































































































































































































































































































Chapter 1 - Introduction 3 
Higher Olefin process which oligomerizes ethene using a nickel-ligand catalyst and the 
EthylCorporation process which uses a modified Ziegler catalyst. 
1.2 Catalysts Used For Olefin Oligomerisation 
O'Connor and Kojima (1990) reviewed olefin oligomerisation. Along with the kinetics and 
thermodynamics of the reaction, they thoroughly reviewed catalysts used for catalysing olefin 
oligomerisation. 
1.2.1 Acidic Catalysts 
Acidic catalysts can be divided into three major groups namely, zeolites, aluminophosphate 
molecular sieves and non-zeolitic materials. These are discussed in detail below. 
1.2.1.1 Zeolites / 
Zeolites are crystalline alumino-silicate molecular sieves. They have a porous structure and 
ion-exchange capacities. These materials may also contain other elements in addition to 
silicon and aluminium in their framework structures. Acid sites present in the zeolite 
structure are responsible for their catalytic activity. The original model of the Brnnstead acid 
site proposed by Uytterhoeven et al. (1965) (Figure l. la), has recently been shown to be 
simplistic and the acidic zeolite cluster shown in Figure 1. lb (Kramer et al. (1993)) is more 
likely to be representative of this site. The interaction of the acidic cluster with a 
hydrocarbon uses two oxygen atoms of the zeolite. One behaves as an acid, the other as a 
base. Zeolites also possess Lewis acidity which is associated with extra framework 
aluminium species. 
Some zeolites used for olefin oligomerisation are discussed below : 
4 
a) Brj'lrnted Acid Site 
H 
I 
o o o+ o 
2 XXX 0 00 00 0 
Heat 
-:HiO 
0 0 0 0 xxx 0 0 0 +XAX 0 00 00 0 0 00 00 0 
b) Lewis Acid Site 


















Figure 1. lb : Interaction of a Methane Molecule with an Acid Zeolite Cluster - Kramer et 
al. (1993) 
Chapter 1 - Introduction 5 
1) H-ZSM-5, which is used in the MOGD Process, is a medium pore zeolite and a 
member of the pentasil family ( Garwood et al. (1972), Garwood and Lee (1980), 
Tabak (1984)). The framework structure of this catalyst is shown in Figures 1.2 and 
1.3. The pentasil framework structures are formed by linking chains of 5-membered 
ring secondary building units. H-ZSM-5 has two perpendicularly intersecting 10-ring 
channel systems. One channel is straight with almost circular openings (5.3 x 5.6 A) 
and the other is sinusoidal with elliptical openings (5 .1 x 5. 6 A). The intersections 
of these channels provide a free volume slightly larger in size - approximately 9A. 
The geometrical constraints imposed by the 10 membered oxygen ring pores hinder 
coke formation since large polynuclear hydrocarbons have difficulty forming. 
The silica-alumina ratio of H-ZSM-5 ranges from about 20 to above 8000 (essentially 
Al free). Those materials with a high silica-alumina ratio are highly hydrophobic, 
thermally stable and more resistant to coke. 
Oligomerisation reaction conditions and the nature of the reaction products obtained 
for this catalyst are discussed in detail in section 1.3. 
2) H-Beta was chosen for this study as an example of a large pore zeolite for 
comparison with H-ZSM-5 and is not widely used to oligomerise light olefins. It has 
two intersecting pore systems that consist of 12-member rings. The pores are 6.5 x 
5.6 A and 7.5 x 5.7 A. 
3) H-ZSM-12 is an example of a large pore zeolite with a one dimensional channel 
system. The pores consist of 12-membered rings, 5.5 x 5.9 A in size. This catalyst 
oligomerised straight and branched chain olefins in the range C2 to C6 (Tabak (1981). 
Preferred reaction conditions were 38 to 149°C and weight hourly space velocities 
(WHSV's) between 0.1 and 5 hr-1. Pressures sufficiently high enough to maintain 
liquid phase were used and depended on the carbon number of the feed and the 
reaction temperature and thus ranged from 0 to 20 MPa. The silica-alumina ratio used 
was between 20 and 100. 
6 
framework viewed along [010] 
10-ring viewed along [010] 
(straight channel) 
10-ring viewed along (lOOj 
(sinusoidal channel) 
Figure 1.2 : Structure of H-ZSM-5 (Meier and Olson (1992)) 
Figure 1.3 : The Pore System in H-ZSM-5 (Meisel et al. (1976)) 
Chapter 1 - Introduction 7 
4) H-ZSM-48 is a medium pore zeolite with a one dimensional pore system. The 
pores c~nsist of 10 membered rings and are 5.3 x 5.6 A in size. This catalyst 
oligomerised light olefins (C2 - Cg) to gasoline and distillate range hydrocarbons as 
well as a high-boiling lube fraction. The reaction was conducted in the vapour phase 
at 204 to 260°C and between 4.8 and 6.8 MPa. WHSV's in the range 0.3 to 4 hr-1 
were used (Chu and Valyocsik (1987)). 
Ocelli et al. (1985) conducted a comparative study on several zeolites capable of catalysing 
propene oligomerisation. Pilot plant studies were conducted at 3 to 5 MPa and 100 to 400°C. 
It was found that the molecular size of the oligomers produced was controlled by the zeolite 
pore size. The catalysts studied by these researchers are listed below. The performance of 
these catalysts was compared to that of H-ZSM-5. 
5) The H-Boralite used by Ocelli et al. (1985) was a borosilicate isomorphous with H-
ZSM-5. At high conversions the major prodm;t was olefinic ( > 90wt % ) . This catalyst 
produced more linear isomers than any of the other catalysts studied. No significant 
deactivation was observed over the temperature range studied. 
6) H-Offretite is a large pore zeolite. This catalyst has 12-member ring channels of 6. 7A 
and intersecting channels consisting of 8-member rings, 3.6 by 4.9A. The olefinic 
content of the liquid product from this catalyst was lower than for H-Boralite 
(-80wt%) with a correspondingly higher content of saturates and aromatics. This 
catalyst was found to minimize the formation of C7 and Cg products. 
7) HY is also a large pore zeolite with a three dimensional pore system. The channels 
consist of 12-member rings with a diameter of 7 .4 A. The product obtained from this 
catalyst was similar to that obtained using H-Offretite with respect to the 
olefin/paraffin/ aromatic ratios. 
8) H-Mordenite is classified as a large pore zeolite with a two dimensional pore system. 
One channel consists of 12-membered rings while the other is made up of 8-
membered rings. The dimension of the largest channei is 6.5 x 7.0 A. The liquid 
product produced using this catalyst was similar in composition to that obtained using 
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H-Offretite. 
9) H-Omega is a large pore zeolite with a unidimensional pore system consisting of 12-
member ring pores, 7.5A in diameter. This catalyst had a higher content of paraffins 
and olefins and a lower content of olefins than H-Offretite, HY and H-Mordenite. At 
high conversion the liquid product from this catalyst had the highest carbon number 
of all the catalysts studied. 
The liquid product obtained from the catalysts was analysed for degree of branching. 
Branched primary and tertiary carbon-containing oligomers were found to increase with 
increasing pore size. (The pore size was based on the kinetic diameter of the largest molecule 
sorbed.) Additionally, the larger oligomers had a higher ratio of tertiary/secondary carbons. 
H-Omega produced the most branched product, followed by H-.Y, H-ZSM-5, H-M and H-
Offretite produced a less branched product than H-Y, while H-Boralite was the most linear. 
1.2.1.2 Aluminophosphate Molecular Sieves V 
Oligomerisation over aluminoposhate molecular sieves has been reported (Long et al.(1985)): 
1) SAP0-11, -31, -34 
2) MeAP0-11 
Aluminophosphate sieves (ALPO's) consist of alternating Al02- and P02 + units. The 
framework is neutral, with no extra-framework cations and the: acidity is negligible. They 
exhibit reasonable thermal .and hydrothermal stability (Venuto (1994)). 
Silicoaluminophosphates (SAPO's) are ALPO's with varying amounts of silicon substituted 
for phosphorous in the AlP04 framework. This results in weak to moderate acid catalytic 
properties. The mole fraction of silicon varies from 0 - 1 in SixAlyPz depending on the 
synthesis conditions. SAPO's are present in a wide variety of structural and compositional 
types. For example, SAP0-11 and SAP0-31 have intermediate pore systems while SAP0-34 
is an example of a small-pore zeolite, structurally similar to chabazite. In addition, SAPO's 
exhibit significant thermal and hydrothermal stability. 
Metal aluminophosphates (MeAPO's) result when metal atoms are substituted into the AlP04 
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framework. Examples of metals used are cobalt, magnesium, iron, zinc and titanium. These 
compounds usually carry a net electric framework charge which is balanced by cations such 
as H+. Thus, MeAPO's display a range of acidities. However, MeAPO's also sometimes 
show basic properties. Their thermal stability depends on the structure and composition on 
the material. 
Reaction conditions for these catalysts that give a high selectivity to oligomers were reported 
by Long et al. (1985). These are preferably temperatures between 150 and 315°C, pressures 
between 0.1 and lOMPa and WHSV's 0.1 and 1.0hr-1. The feed consisted of C2 to C12 
olefins. Between 10 and 70wt% of paraffins of the same carbon number and water were 
employed as diluents. 
1.2.1.3 Other Acid Catalysts 
Other non-zeolitic acid catalysts that have been successfully employed for olefin 
oligomerisation are briefly discussed here. 
1) Phos horic acid supported on kieselgur (diatomaceous earth) is used commercially in 
the ~Emce..s.s-This solid phosphoric acid catalyst consists of 60% P20 5 and 
40 % Kieselguhr. Liquid phosphoric acid as catalyst for olefin oligomerisation was 
first reported by Ipatieff (1935). It was found that under relatively mild 
polymerisation conditions namely, 135 to 200°C and 0.1 to 1.5 MPa, the product 
consisted of entirely mono-olefins. When the reaction conditions were more severe 
side reactions gave rise to naphthenes, aromatics and paraffins. When propene was 
bubbled through 100% orthophosphoric acid at 5.1 MPa and 204°C, 51 % conversion 
was obtained. The liquid product contained olefins of carbon number up to and 
including C15 . 
2) The use of ion-exchange resins as catalysts for the oligomerisation of isobutene was 
reported by Haag (1967). The resin used was a sulphonated styrene-divinyl-benzene 
copolymer with a macrorecticular pore structure, known commercially as Amberlyst 
15. Runs were carried out under batch and continuous flow conditions. Typical 
reaction conditions for the batch reactor were 20 to 60°C and 0.4 to 0.5 MPa, while 
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those for the flow reactor were 16 to 60°C, 1 MPa and liquid hourly space velocities 
between 180 and 3600 hr-1. The product consisted of dimer, trimer and tetramer with 
very small quantities of higher oligomers. 
3) The activity of the layered alumino-silicate, synthetic mica-montmorillonite for 
propene oligomerisation has been reported by Fletcher et al. (1986). Reaction 
conditions used were 6.1 MPa, 170°C and a WHSV of 1.6hr-1. The liquid product 
contained significant quantities of olefins up to and including C18 . Small amounts of 
C21 were also observed. Of the oligomers the trimer was present in the greatest 
amount. 
1.2.2 Heterogeneous Nickel Catalysts 
1) Nickel supported on various aluminosilicates has been widely used for olefin 
oligomerisation. (Harms et al. (1989), Garwood et al. (1988), Miller (1985), Imai and 
Uchida (1964), Imai and Uchida (1966), Imai et al. (1968), Hogan et al. (1955)). 
The supports include silica-alumina, silica, layered alumino-silicates, H-Mordenite, 
HY and H-ZSM-5. 
2) NiO-Ti02/SOl- was prepared by co-precipitation followed by treatment with H2S04 
(Sohn et al. (1987a)). This catalyst was very active for ethene dimerization at room 
temperature. On the other hand, Ni0-Zr02 alone was found to be inactive. NiO-
Zr02/SOl- was prepared in a similar manner and also found to be active for ethene 
dimerisation (Sohn and Kim (1986)). Instead of washing with H2S04 , other acids 
namely, H3P04 and H3B03 were also used. This resulted in the following catalysts: 
Ni0-Zr02/P04
3- and Ni0-Zr02/B03
3- (Sohn et al. (1987b)). These catalysts were 
also active for ethene dimerisation but not as active as Ni0-Zr02/SOl-. 
3) The Octol Process, described by Nierlich (1992), oligomerises a 1-butene rich feed 
at 100°C and sufficiently high pressures to ensure liquid phase operation. This 
process yields mainly C8 and C12 olefins. The heterogeneous catalyst used is 
essentially nickel supported on a clay. This catalyst is very sensitive to oxygenates 
such as water, methanol or dimethylether and it is necessary to remove these before 
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the feed enters the oligomerisation unit. 
1.2.3 Other Heterogeneous Transition Metal Catalysts 
1) Propene was reacted over unsupported Re03 and W03 in order to compare the 
activities for dimerisation and metathesis. It was found that below 330°C the main 
reaction was dimerisation for W03 while for Re03 metathesis was the main reaction 
(Tsuda et al. (1985)). 
2) Cheney et al. (1950) describe a process for oligomerising ethene using a catalyst 
consisting of cobalt supported on activated carbon. Favourable reaction conditions 
were temperatures below 150°C and pressures of 0.1 to 10 MPa. The oligomers 
produced were mainly linear. At 50 % conversion the main product was dimer with 
smaller amounts of trimer and higher boiling compounds. 
3) Alkali metals on supports of silicates of alkali and alkaline earth metals, a-aluminas 
and graphite have also been used for olefin oligomerisation (Pines (1981)). Sodium 
and potassium supported on K2C03 were highly selective for the dimerisation of 
propene to 4-methyl-1-pentene. The reaction conditions were 150°C and 
approximately 10 MPa. 
1.2.4 Homogeneous Metal Catalysts 
Three classes of catalysts are used for homogeneous ethene oligomerisation (Al-Jarallah et 
al. (1992): 
l} Ziegler types such as trialkylaluminum. 
2) Ziegler-Natta types such as transition metals with reducing agents or Lewis acids. 
These use compounds of three transition metals namely, titanium, zirconium or 
nickel. TiC14 is the most frequently used in combination with alkyl aluminum halides. 
Zirconium in the form of Zr(OR)4 is used together with ethylaluminium 
sesquichloride (Et3Al2Cl3). Nickel derivatives used are nickelocene, nickel acetyl-
12 
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acetonates and ylides. 
3) Those that can be deduced from the metal complexes (one component catalysts). 
Complex nickel catalysts have attracted the greatest interest (Keim (1990). An 
example of a commercial application is the Shell commercial process, SHOP, which 
uses a non-Ziegler homogeneous nickel ligand catalyst. 
1.3 Mechanism of Olefm Oligomerisation 
Since the mechanism of hydrocarbon rearrangements that occur during oligomerisation 
depend on the catalyst type used, this discussion has been divided into sub-sections that cover 
the m_ajor catalyst types and the oligomerisation reactions that occur over them. 
1.3.1 i\cidic C'.atalysts 
A generalized reaction pathway for oligomerisation is shown in Figure 1.4 (Quann and 
Krambeck (1990)). Olefins of carbon numbers x and y oligomerise to higher hydrocarbons. 
These oligomers can crack back to olefins of carbon numbers x + N and y-N. These can 
undergo disproportionation to two olefins of different carbon numbers. Additionally, cyclic 
compounds and paraffins are produced via conjunct polymerisation. Each compound formed 
also undergoes rapid double bond and skeletal isomerisation. 
The reaction pathway is clearly a complex one with many reactions occurring simultaneously 
and many different products being formed. At long reaction times this leads to an almost 
continuous carbon number spectrum. Indeed, Garwood (1983) has shown that under the same 
reaction conditions at high conversions, identical product distributions are obtained for C2 
to C6 and C10 olefins. 
According to Shephard et al. (1962) Brnnsted sites are important for the initiation of the 
oligomerisation reactions. On the other hand, reactions involving aromatization, hydrogen 
transfer and coke formation are said to be catalysed by Lewis acid sites. 
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1.3.1.1 Hydrocarbon Rearrangements over Acid Catalysts - Background 
Martens and Jacobs (1990) discuss in detail the hydrocarbon rearrangements occurring over 
heterogeneous acid catalysts. Carbocations formed during hydrocarbon reactions can be 
divided into two types, namely : 
Alkylcarbenium ions - These are ionic species that contain a positively charged carbon atom 
with three substituents - CR3 +. This species is sp
2 hybridized and is planar in structure. 
Alkylcarbenium ions are stable in strong acids and it is possible to study their structure and 
rearrangements using NMR. These ions are ranked in order of increasing stability as follows: 
primary < secondary < tertiary 
The alkyl groups are electron donors and thus increase the stability of the ion compared to 
hydrogen atoms. The authors show that the type of alkyl substituent is less important for 
stability than the number of substituents. For example, if the substituent was butyl rather than 
propyl there would be no significant change in stability. 
Alkylcarbonium ions - These are positively charged carbon atoms with five substituents 
namely, CR5 +. An example of these are substituted protonated cylopropanes (PCP) which 
are postulated intermediates in the isomerisation mechanisms of acylic alkylcarbenium ions. 
This species can be represented in the following three ways (See Figure 1.5): 
1) substituted corner protonated cyclopropane (CPCP) 
2) substituted edge protonated cyclopropane (EPCP) 
3) substituted face protonated cyclopropane (FPCP) 
PCP carbonium ions are not stable in strong acids and their existence has only been inferred 
from studies concerning the reactions of alkylcarbenium ions. These authors have noted that 
according to molecular orbital calculations the CPCP and EPCP are more stable than FPCP. 
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Figure 1.9 : Oligomerisation Scheme from Haw et al. (1989) 
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Type A - which changes the position of the side chain, leaving the degree of branching 
unchanged, and 
Type B - which increases or decreases the degree of branching (See Figures 1.6 and 1.7). 
Type B rearrangements are slower than Type A. The difference in rate of these two reactions 
is due to the corner-to-corner hydrogen jump in Type B. 
The formation of alkylcarbenium ions over heterogeneous catalysts with Brnnsted acid sites 
is shown in Figure 1.8. Support from the literature was presented for the occurrence of 
alkylcarbenium ions in solid acid catalysts. It was shown that the activation energies for 
hydrocarbon rearrangements was similar for both homogeneous and heterogeneous acid 
catalysts. However, the true nature of the reaction intermediates on solid acid catalysts is still 
uncertain and Martens and Jacobs (1990) noted that no direct evidence for the presence of 
carbocations ions on the surface of heterogeneous catalyst has been provided. 
Haw et al. (1989) propose that long-lived alkoxy species (possibly alkyl silyl ethers) are 
catalytic intermediates during hydrocarbon reactions on solid acid catalysts. Thus, the authors 
state that the word 11 carbocation 11 is inappropriate. These species are formed by the covalent 
bonding of "incipient carbocations 11 to framework oxygen sites. Evidence for the alkoxy 
species is provided by following the reaction of isotopically labelled propene over HY zeolite 
using 13e eP/MAS NMR. This led the authors to propose the mechanism for oligomerisation 
over solid acid catalysts shown in Figure 1.9. 
Evidence for the presence of carbenium ions has recently been provided in part by Stapanov 
et al. (1994). This contribution provides evidence for carbenium ion properties of 1-octene 
adsorbed on H-ZSM-5. The authors reached the following conclusions regarding the nature 
of the adsorbed 1-octene: 
1) 2H NMR shows that there is H transfer from the catalytic acid sites, =Al-OH-Si=, 
to the eH2 = group of the olefin. 
2) Be NMR data shows that scrambling of the Be label occurs over the hydrocarbon 
skeleton. 
3) They proposed two models to explain the experimental observations : 
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a) The carbenium ion is the main state of 1-octene adsorption in zeolite channels. 
b) The carbenium ion is in equilibrium with an octyl silyl ether or octene. 
4) Activation barriers for carbon scrambling and the thermodynamic parameters for the 
scrambling agree with those for carbenium ions in liquid and solid states. 
5) The structure of the carbenium ion is controlled by the zeolite framework, causing 
it to be linear rather than branched. 
While the hydrocarbon rearrangements occurring over heterogeneous acidic catalysts are 
similar to those occurring in homogeneous acid catalysts, there are additional complications 
that arise in heterogeneous catalysts with a well defined pore system such as zeolites. The 
products formed are influenced by shape selectivity and a number of products that would 
form over amorphous acidic catalysts are not present due either to their bulky size or to the 
size of their intermediates. (Shape selective effects of zeolites are discussed in more detail 
in Chapter 3.) 
1.3.1.2 Oligomerisation Reactions 
A carbenium ion, formed via addition of a proton to the double bond of an olefin molecule 
by a Brnnsted acid (HX), can undergo the following reactions: 
1) reaction with a negative'ion e.g. x-1 (simple Markownikov addition of HX to the 
double bond), 
2) reversal of the process i.e. loss of the proton which gives rise to the ~ame olefin or 
a double bond isomer, 
3) isomerisation followed by proton loss to give a new olefin, and 
4) oligomerisation which occurs via addition to an olefin monomer via Markownikov 
addition. 
1.3.1.2.1 Equilibrium Predictions for Oligomerisation 
Tabak et al. (1986) and Quann et al. (1988) provide some general details regarding the 
thermodynamics of oligomerisation over H-ZSM-5. During their studies they assumed the 
isomerisation reactions were significantly faster than other reactions such as cracking and 
oligomerisation. Thus they concluded that isomerisation reactions were at equilibrium. The 
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isomers could then be grouped into a smaller number of pseudocomponents or lumps. Using 
these lumps they predicted their composition at equilibrium using a method developed by 
Alberty (1983). Ideal mixtures and ideal gases were assumed. Their calculations showed that 
when bulky isomers were excluded from the lumps the best agreement between predicted and 
experimental compositions was obtained. In other words, the shape selectivity of H-ZSM-5 
had an influence on the equilibrium product spectrum. 
The equilibrium calculations are discussed in more detail by Alberty (1987a). Products from 
oligomerisation studies over H-ZSM-5 were analysed and the following was found : 
1) The product from H-ZSM-5 were mainly linear with methyl branches every five 
carbons. 
2) Single ethyl or longer chains occurred every two or three carbons. 
3) The concentration of cis-isomers was low. 
Several equilibrium calculations were performed by progressively excluding more and more 
bulky isomers from the isomer groups, starting with the cis-isomers and ending with highly 
branched ones. Equilibrium predictions showed that removing bulky isomers from the groups 
resulted in a shift in concentration to lower carbon numbers. Indeed, by examining the 
experimental product distributions from propene and hexene oligomerisation it was noted that 
there was a sharp drop in product concentration with increasing carbon number compared 
to what is expected for unrestricted equilibrium (Quann et al. (1988)). Thus, the oligomers 
produced over H-ZSM-5 are subjected to a restricted form of equilibrium from which bulky 
isomers are excluded. 
Experimental hexene isomer distributions at high and low conversions were compared with 
equilibrium values. Quann et al. (1988) concluded that, even at low conversion, isomerisation 
was almost at equilibrium. In addition, double-bond isomerisation occurred faster than 
skeletal isomerisation. 
1.3.1.2.2 Temperature and Pressure Effects 
Temperature and pressure effects were discussed by Tabak et al. (1986) and Quann et al. 
(1988). The effect of temperature on the product spectrum was complex. According to 
equilibrium calculations conducted using restricted isomer groups, low temperatures favoured 
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a high molecular weight product while high temperatures resulted in a decrease in the 
molecular weight of the product (Quann et al. (1988)). However, the authors stated that at 
low conversions the reaction rates were not fast enough with the result that fewer heavy 
compounds were produced than predicted. Experimentally this caused the molecular weight 
of the product to pass through a maximum as temperature was increased. At low 
temperatures, mainly oligomerisation reactions occurred. Randomisation occurred at 
intermediate temperatures due to an increase in cracking and disproportionation. High 
temperatures resulted in more complex reactions such as cyclization and hydrogen transfer 
occurring. 
The effect of pressure is less complex and it was found that increasing pressure favoured 
increasing molecular weight. A combination of high temperature and low pressure resulted 
in light olefins predominating while the reverse conditions, low temperature and high 
pressure, resulted in heavy olefins predominating. 
The following experimental examples illustrate the effects of temperature and pressure. At 
lOOkPa, for temperatures of 277°C and above the product is C10 and lighter (gasoline). On 
the other hand, if the temperature is kept constant at 277°C increasing pressure results in 
more distillate production (C11 - C20). In general, the possible range of operating conditions 
for H-ZSM-5 is large. Tabak et al. (1986) state that temperatures and pressures start low at 
37°C and 7kPa. Temperatures are only limited by practical constraints while pressures can 
go as high as 14MPa. Thus, the reaction conditions can be tailored to suit product 
requirements by adjusting temperature, pressure and catalyst. 
1.3.1.2.3 Structure of Product Oligomers 
In the papers reviewed below, the authors present detailed analyses of the oligomerisation 
product. These analyses provide important information regarding the skeletal structure of the 
product molecules and thus aid in elucidating oligomerisation reaction pathways. The work 
discussed below covers both non-shape selective and shape selective catalysts (silica-alumina 
and H-ZSM-5 respectively). At the end of this section general trends observed regarding the 
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Figure 1.13 : Effect of Conversion Levels on Rexene Isomer Distribution (Takahashi et al. (1972)) 
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Fel'dblyum and Baranova (1971) studied propene oligomerisation over silica-alumina and 
nickel on silica-alumina at 5MPa and 64 °C. For silica-alumina, the conversion of the feed 
was low, 6 % , and the major product was trimer. They found that the dimer product had a 
high content of 4-methyl-1-pentene and 4-methyl-2-pentene. On the other hand, the linear 
hexenes were present in small amounts. 2,3-dimethyl-butenes were also observed in low 
concentrations but there were no 3-methyl-pentenes. The reaction scheme for the formation 
of the primary hexene isomers presented by Fel'dblyum and Baranova is shown in Figure 
1.10. In this reaction scheme a propene molecule adds to a propene carbenium ion to form 
a 2-methyl-1-pentyl cation which can react further to produced to the various double bond 
isomers of this skeleton. 
Fel'dblyum and Baranova (1971) also hydrogenated and analysed the trimer product from 
their propene oligomerisation runs. Four peaks were observed, three of which were identified 
as 4-methyl-octane, 2,4-dimethyl-heptane and 4,4-dimethyl-heptane. The 4,4-dimethyl-
heptane is produced when the 2-methyl-2-pentyl cation (produced by dimerisation) reacts with 
propene. A reaction scheme for the formation of 4,4-dimethyl-heptane is shown in Figure 
1.11. 
Takahashi et al. (1972) oligomerised propene at 2.5 to 5.0 MPa, 80 to 350°C and liquid 
hourly space velocities (LHSV's) 5000 to 10000 hr-1. The catalysts used were also silica-
alumina and nickel on silica-alumina. Detailed analyses of the dimers were given. The effect 
of different space velocities and temperatures were investigated. The results are shown in 
Figures 1.12 to 1.15 for silica-alumina. 
Figure 1.12 plots the amount of each oligomer formed for different conversion levels 
obtained by varying the LHSV .and keeping the reaction temperature and pressure constant 
at 250°C and 5MPa, respectively. This graph shows that at low conversions the major 
product was trimer and as the conversion increased the major product shifted to the higher 
molecular weights. Figure 1.13 shows that there is no significant difference in the 
composition of the carbon skeletons at the low conversions presented. Predicted equilibrium 
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mers were not at equilibrium with respect to their skeletal structure. (The predicted 
equilibrium distributions were obtained using methods described in Chapter 4.) The major 
product was the 2-methyl-pentane skeleton followed by the 3-methyl-pentane skeleton. The 
doubly-branched isomers exceeded the linear isomers in composition. Additional information 
showed that within the 2-methyl-pentane structure 2-methyl-2-pentene dominated, while 
within the 3-methyl-pentane structure the 3-methyl-2-pentenes dominated. Of the doubly-
branched isomers, 2,3-dimethyl-2-butene was present in the greatest amount. In the linear 
products 2-hexene and 3-hexene were present. 
In Figure 1.14 the effect of varying temperature at 5MPa is shown. Unfortunately, the 
conversions were not kept constant and the effects seen may well be a result of changing 
conversion. As conversion or temperature increased there was a corresponding increase in 
the dimer and a decrease in the trimer. This could be due to an increase in secondary 
cracking reactions. There was no change in the composition of tetramer and higher molecular 
weight products. In Figure 1.15 the composition of the dimer product is shown. Again, the 
changes observed may in part be due to changing conversions. Over the temperature range 
studied the doubly-branched isomers remain unchanged. This trend appears anomalous and 
no explanation is given. It is possible that these isomers are produced in greater quantities 
via cracking reactions compared to the other hexene skeletons. There is an increase in both 
the 3-methyl-pentanes and linear hexanes while the 2-methyl-pentanes decrease. The 
dominant hexene isomers are the same as for conditions of varying LHSV. 
Liquid phase propene oligomerisation over H-ZSM-5 was carried out at 54 °C by Miller 
(1988). Selectivity to dimers was 40 to 45 3 and conversion after 20 hours on stream was 
less than 20 3. Of the dimer product the 2-methyl-pentane skeletons were present in the 
greatest amount. However, the next major products were the 2,3-dimethyl-butane structures 
followed by the 3-methyl-pentane structures. Linear hexenes were present only in small 
amounts. 
Ethene and propene oligomerisation over H-ZSM-5 were studied by Bessel and Seddon 
(1987). The reactions were carried out at high pressure (-3.4 MPa), low temperature 
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Figure 1.17: Isomerisation of 2,3-dimethyl-Butenes to 2-methyl-Pentenes (Pines (1981)) 
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( < 300°C) and low conversions, generally less than 5 3. They found that aromatic formation 
was not significant below 300°C. The main products observed were oligomers and their 
cracked products. The major oligomer was the dimer. An increase in cracking products with 
increasing alumina content was linked to an increase in activity. 
Interesting evidence regarding the structure of the trimer was provided by Bessel and Seddon 
(1987). It was found that on silicalite and low-alumina H-ZSM-5 the C4 and Cs olefins 
produced via cracking were in equal proportions. This implies they may stem from a 
common C9 intermediate. As the reaction temperature increases the selectivity to linear C4 
and branched Cs's vs branched C4 and linear Cs's increases. The authors postulated that 
there was a change in the C9 precursor from a 2,4-dimethyl-heptane structure to a 2,5-
dimethyl-heptane structure. This is shown in Figure 1.16 together with the cracked product 
structures produced. Their sorption experiments showed that both these structures were 
accessible to the zeolite channel. However, the 2,4 isomer was slightly less accessible than 
the 2,5 structure. 
Quann et al. (1988) analysed the dimer product, obtained from high and low 1-hexene 
conversion at 227°C and 4.2 MPa over H-ZSM-5, in detail. At low conversion the major 
product was the 2-methyl-pentane skeleton, followed by the 3-methyl-pentane skeleton. The 
2,3-dimethyl-butane structure occurred in the lowest concentration. At high conversion the 
2-methyl-pentane skeleton did not change much, instead more of the feed was converted to 
3-methyl-pentanes and 2,3-dimethyl-butenes. 
Wilshier et al. (1987) carried out high pressure ( -2.4 MPa) propene oligomerisation over 
H-ZSM-5. The authors hydrogenated their liquid product and were thus' able to present 
detailed analyses regarding the skeletal structure of all products up to C9. Firstly, 
experimental runs were carried out using H-ZSM-5 with 1.22 wt% aluminium at two 
different temperatures, namely 189 and 284 °C. For both runs the conversion to liquid 
product was 90 wt%. In both cases the dominant skeletal structures contained only methyl 
branches. Small amounts of linear products and those with ethyl branches were also present. 
This clearly indicates that there is some degree of shape selectivity occurring, contrary to the 
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conclusions drawn by the authors. 
At the lower temperature the major product was the trimer and oligomers were present in the 
greatest amounts. Of the dimer product, the 2-methyl-pentane skeleton was the main product, 
followed by the 3-methyl-pentane skeleton and the 2,3-dimethyl--butane skeleton. The linear 
hexane was present in the smallest amount. Of the trimer product, the dominant skeletons 
did not have more than one methyl group per carbon : 2,3-dimethyl-heptane, 2,4-dimethyl-
heptane, 3,4-dimethyl-heptane and 3,5-dimethyl-heptane. The liinear C9 's were present in 
small amounts. 
An increase in temperature resulted in an increase in non-oligomers and a broadening of the 
product spectrum. At the dimer level, the concentration of the 2-methyl-pentane skeleton 
increased while that of the 2,3-dimethyl-butane skeleton decreased. The 3-methyl-pentane and 
linear product remained unchanged. Concerning the trimers, the main dimethyl-heptanes were 
the same as before. However, there was a significant increase in the linear product. This was 
also noted for the c8 products. 
It was concluded by the authors that at low temperatures the reaction takes place on the outer 
surface of the zeolite, resulting in a more branched product. However, it is also possible that 
linear products are selectively produced at higher temperatures due to the diffusion of 
branched products becoming rate limiting. In fact this theory is further supported by 
additional experiments carried out on low aluminium H-ZSM-5 { 0.10 wt% ). Although the 
low aluminium zeolite was prepared in a similar manner to that used for the previous 
experiments, the crystals (as seen from SEM photographs) were larger in size. These runs 
showed an increase in shape selectivity, or a shift to linear products. On the other hand, 
poisoning the outer surface with 4-methylquinoline or treating the catalyst with 
hexamethyldisilazane vapour or feeding hydroxylic iso-propanol instead of propene all lead 
to an increase in shape selectivity of the product. This indicates that the reaction occurs to 
some extent on the external surface. 
For all the studies discussed above, the 2-methyl-pentane carbon skeleton was the primary 
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dimer product. This is produced by Markownikov addition of a propene carbenium ion to a 
propene molecule. At low temperatures the 2,3-dimethyl-butane skeleton was the major 
secondary product for both amorphous silica-alumina and H-ZSM-5. The 3-methyl-pentane 
and hexane skeletal structures were either in small amounts or non-existent. At high 
temperatures, however, the 3-methyl-pentane skeleton was the major secondary product. It 
is possible that at low temperatures the doubly-branched isomers form as a result of anti-
Markownikov addition since if isomerisation was occurring then the 3-methyl-pentenes should 
form more readily than the 2,3-dimethyl-butenes (Fel'dblyum and Baranova (1971)). 
Data regarding the structure of the nonene isomers is less plentiful. It is interesting to note 
that the 4,4-dimethyl-heptane skeleton, produced by adding propene to the dominant c6 
carbenium ion, the 2-methyl-2-pentyl ion, is only found in significant amounts when non-
shape selective silica-alumina is used. On the other hand, the major trimers obtained when 
H-ZSM-5 is used are more linear, often containing only one or two methyl groups. Thus, 
the trimer product is more influenced by shape selectivity than the dimer product. 
1.3.1.3 Isomerisation Reactions 
As mentioned earlier, isomerisation occurs simultaneously with oligomerisation reactions. 
Depending on the level of conversion or the approach to equilibrium, entirely different 
product spectra are obtained. Pines (1981) presents results of the isomerisation of 3,3-
dimethyl-1-butene over alumina catalyst at 350°C. The product distributions at several liquid 
hourly space velocities are compared with equilibrium values. This is shown in Table 1.2 : 
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Table 1.2 Isomerisation of 3,3-dimethyl-1-Butene, Pines (1981) 
Product Distribution 
LHSV (hr-1) 
Carbon Skeleton 6.0 2.0 0.5 Equilibrium 
3,3-dimethyl-Butenes (DD) 21.0 2.7 1.9 0.5 
2,3-dimethyl-Butenes (D) 73.0 39.3 23.0 11.5 
2-methyl-Pentenes (S2) 6.0 37.2 42.6 40.5 
3-methyl-Pentenes (S3) - 19.8 31.0 33.5 
linear Hexenes (L) - 1.0 1..5 14.1 
According to Pines (1981), the isomerisation of DD to D occurs faster than the isomerisation 
of D to S2. This is because the latter involves the formation of an unstable, primary 
carbenium ion intermediate during the reaction (see Figure 1.17). The reaction of S2 to L 
is also slow due to formation of an unstable, primary carbenium ion intermediate. It was also 
noted that D is the primary isomerisation product. In addition, the author stated that double-
bond isomerisation is faster than migration of methyl groups since S2 were nearly 
equilibrated before significant amounts of S3 were formed. The rearrangements occur via 
1,2-methyl shifts since S3 are formed from S2. 
More recently, Martens and Jacobs (1990) present an alternative reaction pathway for the 
isomerisation of hexenes and this is shown in Figure 1.18. This occurs via PCP 
intermediates, as discussed earlier. If this mechanism is assumed then, as was observed by 
Pines (1981), the formation of S2 from D is slower than the formation of D from DD. 
However, this is due to the type of isomerisation reactions involved rather than the formation 
of unstable, primary carbenium ion intermediates. S2 is formed via the slower Type B 
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Figure 1.18 : Hexene Isomerisation Scheme from Martens and Jacobs (1990) 
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1.3.2 Heterogeneous Nickel Catalysts 
A number of workers have studied oligomerisation over heterogeneous nickel catalysts and 
their work is discussed below. In all the papers discussed the addition of nickel to an 
aluminosilicate support results in a predominance of dimer product. Also, within the dimer 
product, the selectivity to linear isomers is increased. Addition of nickel results in the 
generation of a different form of active centre, believed to be a combined nickel ion/ 
Brnnsted site (O'Connor and Kojima (1990)). 
The kinetics and product composition pertaining to ethene and prnpene oligomerisation over 
nickel-oxide on silica-alumina was studied by Hogan et al. (1955). This study was motivated 
by the presence of refinery cracked gas containing significant quantities of ethene, hitherto 
not recoverable by commercial catalysts. Propene diluted with 77 % propane and reacted at 
70°C and 4MPa gave a conversion of 68 % . The major product was dimer. As the conversion 
decreased, the dimer content increased. The composition of the dimer fraction at 80% 
conversion was given. The major carbon skeleton was the 2-methyl-pentane structure. The 
other product formed was the linear hexane structure. No 3-methyl-pentane or 2,3-dimethyl-
butane skeletons were evident. The branched chain hexenes were thought to be more reactive 
and converted further to nonenes, leaving the less reactive linear hexenes behind. The trimer 
fraction consisted of dimethyl-heptenes and trimethyl-hexenes. There were few linear 
nonenes. 
Ethene, diluted with 55 % hydrogen, was reacted at 40°C and 2MPa. Hydrogen was chosen 
as a diluent because it aided in the removal of impurities from the ethene by selective 
hydrogenation and because it was present in the refinery cracked gas. The average conversion 
was 97 % and the major product was again the dimer. The dimer fraction consisted only of 
linear butenes - no isobutene was detected. The trimer consisted of 60 to 70% hexenes and 
30 to 40% 3-methyl-pentenes. The tetramer consisted of 40 to 45 % 3,4-dimethyl-hexenes, 
30 to 35 % 3-ethyl-hexenes, 2 to 4 % 3-methyl-3-ethyl-pentenes and only 20% linear octenes. 
Fel'dblyum and Baranova (1971) also studied nickel oxide on aluminosilicates along with 
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Figure 1.19 : Formation of 2-methyl-Pentenes over Nickel Oxide on Silica-Alumina 
(Fel'dblyum and Baranova (1971)) 
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silica-alumina as catalysts for propene oligomerisation (64°C, 5MPa). In the introduction to 
their paper they note that hexenes are formed in large quantities during propene 
oligomerisation over nickel oxide on silica-alumina in contrast to silica-alumina alone. It was 
proposed that there are two types of catalytic centres responsible for the reaction. 
Interestingly it was also stated that the reactivity of ethene, propene and 1-butene varies in 
the following ratio 100: 10: 1, which is opposite to that which occurs on acidic catalysts. By 
examining the reaction products· in detail, the authors hoped to elucidate the reaction 
mechanism. 
As mentioned, the product spectrum was different compared to that for the acid catalyst. 
Firstly,. the main reaction product was the dimer compared to the trimer for silica-alumina. 
It was thought that the 2-methyl-2-pentyl cation was less stable than on the silica-alumina and 
desorbed instead of reacting further to the trimer. Secondly, the linear hexene content in the 
dimer product increased. Again, as with the silica-alumina no 3-methyl-pentenes were 
formed. There were two main trimer skeletons, namely 2,4-dimethyl-heptane and 4-methyl-
octane. The proposed reaction pathways are shown in Figures 1.19, 1.20 and 1.21. Complex 
hydrides of the nickel (HM) are assumed to be responsible for the catalytic action. 
Hassan et al. (1977) studied propene oligomerisation using a selection of metals on zeolites 
X and Y at atmospheric pressure, 190°C and a space velocity of 40 ml/ml catalyst/hr. The 
overall order of activity was found to be LaY ::::: LaX ::::: CeX ::::: MgY > NiY > CoY > 
AlY > MgX > MnY > NiX > CoX > CaX. All catalysts except NiX produced only 
paraffins, however, the source of hydrogen for the formation of these paraffins was not clear. 
The majority of isomers formed had a single or double methyl branch. The proportion of 
linear products was low. The presence of C6 and C9 paraffins indicated that 
hydrodimerisation and hydrotrimerisation had taken place. There were also non-oligomer 
paraffins present indicating that cracking also occurred. NiY and LaX gave more dimers 
while AlY and CaX gave more trimers. NiX gave pure olefin oligomers, the majority of 
which were dimers. In addition the quantity of linear isomers increased. Hassan et al. also 
proposed a mechanism for hydrocarbon rearrangements occurring during propene 







Figure 1.20 : Formation of Linear Hexenes over Nickel Oxide on Silica-Alumina 
(Fel'dblyum and Baranova (1971)) 
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when two propene molecules react on the zeolite surface (see Figure 1.22). These unstable 
intermediates then undergo a series of rearrangements which lead to the various hexene or 
hexane isomers. If bonds 1,2 or 3 in the first intermediate break then 4- or 2-methyl-pentenes 
are formed. If bonds 1,2 or 3 in the second intermediate break then linear hexenes, 3-methyl-
pentenes or 2,3-dimethyl-butenes are formed. Unfortunately, the role of the active sites in 
the reaction is not clear. 
Miller (1988) also studied the effect of metal addition to zeolites on the product spectrum. 
Addition of 3 wt% nickel to H-ZSM-5 resulted in an increase in catalyst activity along with 
improved selectivity to the dimer product during liquid-phase propene oligomerisation at 
54 °C. Within the dimer product there was a significant increase in the amount of linear 
hexenes. This was also found for amorphous NiS04 on alumina where the product spectrum 
was very similar to that of Nickel-ZSM-5. The increase in linear hexenes was thought to be 
due to the presence of the metal and occurred via an insertion mechanism. 
Beltrame et al. (1994) reacted I-butene over high and low alumina Ni-ZSM5 at 4 and 8 MPa 
and 100 to 200°C. Runs with nickel oxide on silica-alumina and CoO on carbon were also 
carried out for comparison. The authors found that under conditions that limit the carbenium 
ion mechanism and favour the coordinative mechanism of dimerisation on nickel, 1-butene 
produced more linear products and these are prevented from isomerising further. It was 
stated that the production of linear dimers depended on the correct balance of dimerisation 
and isomerisation activities. They noted that the best results wer.e obtained at 8 MPa and low 
temperatures (120 to 140°C) with a low alumina zeolite. These conditions gave only 
approximately 373 linear isomers ~ithin the C8 fraction. Unfortunately, the authors did not 
compare catalysts at the same conversion levels. The reduction in selectivity to linear dimers 
at lower pressures and higher temperatures may, at least in part, have been due to an 
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1.3.3 Homogeneous Metal Catalysts 
The reaction mechanisms for homogeneous catalysts are different to those occurring over 
acid catalysts. These mechanisms are discussed below in order to obtain a better 
understanding of the models over metal catalysts that are described in the following section. 
In their comprehensive review on ethene dimerisation and oligomerisation, Al-Jarallah et al. 
(1992), discuss in detail the reaction mechanisms occurring during these reactions. The 
chemistry of ethene dimerisation and oligomerisation is common to all processes producing 
alpha olefins. There are two well known mechanisms for ethene dimerisation, namely the 
hydride and the cyclic intermediate mechanisms. The hydride intermediate mechanism is the 
one most generally accepted (See Figure 1.23 ) and consists of the following steps : 
1) Insertion of the ethene into the metal-hydride bond (rate constant ki). 
2) Propagation which leads to further insertion of ethene into the metal-alkyl bond and 
chain growth (rate constant ~). 
3) Elimination which occurs via ~-hydrogen elimination and allows LnMH to re-enter 
the catalytic cycle (rate constant ke). 
If ~ > > ke Polymerisation predominates 
If~ ~ ke Oligomerisation predominates and products have a Schultz-Flory distribution 
If ke > > kp Dimerisation predominates 
Whether polymerisation, oligomerisation or dimerisation prevails depends on the nature of 
the metal and its oxidation state, the nature of the ligand and the reaction conditions. 
Oligomerisation can be divided into two parts, namely chain growth and displacement. The 
reaction takes place at an organometallic site (M-R). Figure 1.24 shows the metal hydride 
mechanism for ethene oligomerisation. Depending on whether ethene adds via Markownikov 
or anti-Markownikov addition, linear or branched products result. The product distribution 
during catalytic ethene oligomerisation is described by a Schultz-Flory distribution. The 
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K -- cn+Z K 1 ' < en 
(1.1) 
Cn is the number of molecules of a-olefins with chain length n 
Cn+2 is the number of molecules of a-olefins with chain length n+2, the next member of 
the series. 
The product distribution can also be described usmg the Poisson distribution if large 
quantities of catalyst are used (stoichiometric reaction). 
1.4 Modelling of Oligomerisation 
1.4.1 General Approaches to Modelling Complex Reactions 
Complex reaction mixtures are by their very nature difficult to model. Reaction networks for 
such mixtures may involve thousands of components and reactions. Examples of complex 
reaction mixtures are the pyrolysis of minerals and biomass,, combustion, fermentation, 
polymerisation and smelting. Krambeck (1992) discusses various ways of simplifying the 
modelling procedure for complex mixtures. The first method involves lumping or grouping 
reaction products into smaller numbers of pseudo-components. Three main factors need to 
be considered when choosing the lumping scheme, namely measurability, adequacy and 
accuracy. 
One example of lumping is the grouping of isomers of the same carbon number obtained 
from petrochemical reactions. Lumping of these isomers is justified if they are all at 
equilibrium with one another. However, even though the isomers have the same chemical 
composition they may have different reactivities due to their structure, especially if shape 
selective catalysts are being used. Thus the type of grouping employed requires care. 
Another approach is to tackle the problem from a more positive side and use a large number 
of components to advantage. This can be achieved by treating the reaction mixture as a 
continuum rather than a discrete set of components. The. reaction rates are then a continuous 
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function of some molecular property such as molecular weight, boiling point etc. 
Finally, there exists another more elegant approach to the kinetic modelling of complex 
reactions. Froment (1991) advocates a fundamental method whereby detailed reaction 
networks are retained to a maximum extent by breaking the reaction down into a series of 
elementary steps and their single events. Froment believes that although these type of models 
have more parameters than the lumped approach, their fundamental nature gives them wider 
applicability. To explain further, fundamental models are not specific to the feed mixture and 
do not require extensive experimentation each time a new feed is introduced as does the 
lumping method. In fact, this detailed, fundamental approach can reduce the number of 
parameters required to model the complex reaction. In this case more is very often less. 
Whichever method of modelling is chosen is problem specific. If one wishes to model say, 
the flow patterns in the reactor, then a highly complex model is neither practical or desirable. 
On the other hand, if one wishes to understand more about the reaction rather than the 
reactor then detailed modelling may be required. These methods could therefore be broadly 
classified into "industrial" versus "academic" approaches. This is clearly outlined in the panel 
discussion in the last pages of Chemical Reactions in Complex Mixtures (Sapre and Krambeck 
(1991)). 
In the sections following, various types of oligomerisation models will be reviewed. This is 
further split in to several subsections relating to the type of catalysts used since, as already 
mentioned, the reaction mechanism depends strongly on the class of catalyst used. Almost 
without exception all the oligomerisation models reviewed adopt the lumped approach in 
some form whereby all olefin isomers of the same carbon number are assumed to be at 
equilibrium with one another and lumped together. In the final section some other examples 
of complex reaction models are presented. One example treats the reaction mixture as a 
continuum and the other adopts the fundamental approach. 
1.4.2 Oligomerisation Models 
One of the more unusual models for oligomerisation is presented by McCoy (1993). This 
model applies the idea of continuous mixtures to model most of the reactions occurring when 
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olefins are reacted over acid catalysts, namely oligomerisation, cracking and 
disproportionation. Since no mention is made of the type of catalyst or structure of the 
product produced it is assumed that this is a general model for a number of possible 
oligomerisation systems. The model considers each chemical species as a continuous mixture 
which covers a molecular weight range. This molecular weight distribution of each species 
is represented by either a Gamma or Gaussian distribution. The concept that the products 
from oligomerisation reactions tend towards equilibrium distributions at long times is also 
incorporated into the model. One drawback is that all reacting species are classified 
according to their carbon number only and no mention is made of skeletal structure. This is 
important when modelling oligomerisation over shape selective catalysts such as H-ZSM-5. 
In addition to oligomerisation, two types of cracking reactions are covered, namely 
proportioned and random fission. During proportioned fission the: molecule can only split into 
molecules of selected molecular weights. If the initial condition consists of delta-function 
molecular weight distributions then by definition the distributions must remain delta functions 
for all time since only certain specified oligomers are allowed. Random fission means that 
the molecule can split into any pair of fragments. This type of cracking results in a 
broadening of the product spectrum with time. In this paper the effect of these two types of 
fission on the product distribution is shown. The rate constants chosen for the simulation 
were proportional to f 3, where j is the carbon number. Unfortunately, no comparison with 
experimental data is given so the applicability of the model cannot be evaluated. 
1.4.2.1 Acid Catalysts - Zeolites 
Quann and Krambeck (1991) developed a three parameter model for olefin oligomerisation 
over H-ZSM-5 for a wide range of temperatures and pressures. This model was required to 
evaluate the effect of various process variables such as temperature, pressure and recycle 
ratio and was used in the design and development of the MOGD process. To reduce 
complexity, all isomers of the same carbon number were lumped together into a single 
pseudo-component. The authors assumed that all isomerisation reactions were faster than 
oligomerisation or cracking reactions and thus they were justified in lumping according to 
carbon number only since the isomers were at equilibrium. Oliigomerisation, cracking and 
disproportionation were included in the model. Cojunct polymerisation, however, was not 
Chapter 1 - Introduction 43 
iaken into account. The forward rate constant for oligomerisation was dependent on the 
carbon number of the reactants and a carbon number reactivity parameter: 
w - carbon number reactivity parameter 
k0 - pre-exponential factor 
(1.2) 
The reverse rate constants (or cracking rate constants) ki/ are related to the forward rate 
constants via equilibrium constants for the reaction. 
The third model parameter, a, was the relative rate parameter for disproportionation and was 
employed as follows. Disproportionation was assumed to occur as a two-step reaction, 
C. + C. -+ [C] -+ C + C 
I J Z U V 
The rate of formation of the complex Cz was then related to the oligomerisation rate, 
r = aPkfx.x. 
I) I j 
(1.3) 
Additionally, the complex cracking rate must be divided among all the possible combinations 
of u and v whose sum is equal to z. A scale factor quv was introduced to scale the rate of 
complex splitting to the cracking rate of the olefin of carbon number z to olefins of carbon 
numbers u and v : 
(1.4) 
and, 
:L qlm = 1 (1.5) 
l+1n=z 
44 Chapter 1 - Introduction 
Finally, the rate of formation of u and v via disproportionation is given by: 
(1.6) 
The authors found that the reversible oligomerisation/cracking reactions were not sufficient 
to model the experimental data and disproportionation needed to be included in order to 
account for the randomisation of carbon numbers. In addition, they found that isomerisation 
was, not as rapid as was first assumed. 
Additionally, they state that while lumping according to carbon numbers may be 
thermodynamically correct, it may not be a consistent kinetic lump. Each carbenium ion may 
crack at different rates according to their structure. 
While the fit of the model is good and it is able to predict the effect of operating conditions 
such as temperature, pressure and recycle cut point, using a small number of adjustable 
parameters, it gives no information regarding the behaviour of different skeletal structures 
for each carbon number. This model also does not provide an understanding of the 
underlying reaction mechanisms and, although more time consuming, a fundamental approach 
to modelling this reaction would be useful in this regard. 
Alberty (1987b) also modelled propene and butene oligomerisation over H-ZSM-5 at 327°C 
and 0.01 and 0.5 MPa. Again, the main assumption was that isomerisation reactions were 
at equilibrium and therefore justified grouping the product according to carbon number only. 
The author considered all possible bimolecular reversible reactions between all carbon 
numbers up to C13H26 . This gave rise to a 30-step mechanism. If the reactants or products 
had isomers then the rate constants were weighted averages, according to the equilibrium 
distribution of the isomers. The reaction was then simulated using one of the following 
assumptions : 
I) The bimolecular rate constants are all equal and the cracking rate constant for each 
step is calculated using Gibbs Free energies of formation of the isomer groups 
included in that step. 
2) The cracking rate constants are all equal and the bimolecular rate constants for each 
step are calculated from the Gibbs Free energies of formation. 
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Alberty believed that in the absence of detailed data both these assumptions were plausible. 
Additionally he felt that both assumptions were justified because all bimolecular and cracking 
reactions are similar. 
The simulated concentration profiles versus dimensionless time at 327°C for two different 
pressures 0.01 and 0.5 MPa, two different feed olefins, namely propene and butene, and the 
two model assumptions, were shown. By examining the simulated product spectra it was 
possible to clearly distinguish between the two model assumptions. For propene as the 
starting product, a reaction pressure of O.OlMPa and equal bimolecular rate constants the C6 
dimer formed rapidly and then cracked to C2, C3 and C4 olefins. A small amount of C9 
trimer and no C12 tetramer formed. Cracked products C4 and C5 were present in significant 
amounts. Raising the pressure to 0.5MPa resulted in an increase in C9 and C12 olefins, both 
of which passed through a maximum. The non-oligomer concentrations grew slowly due to 
the low cracking rate constants. The trends observed for the butene feed were similar. 
I.f cracking rate constants are assumed equal then different composition profiles are predicted. 
The rate of removal of propene at 0.01 MPa is much higher than for assumption 1 because 
the effective rate constant increases. As the pressure is increased to 0.5 MPa this trend is 
even more obvious. The concentration of the C6 dimer increases much more and cracks far 
less than for assumption 1 under the same conditions. This led Alberty to question the 
accuracy of the Gibbs Free energy of formation of the hexene isomer group. The dimer for 
butene does pass through a maximum as for assumption 1 due to a net increase in its rate of 
formation. A similar trend is observed for the C9 trimer for the propene feed. 
The validity of the model could not be assessed due to the lack of experimental data with 
which to· compare product compositions. For this model homogeneous reactions were 
assumed i.e. adsorption or diffusional effects were not included. Ideal gases and gas mixtures 
were also assumed. However, the shape selective effects of H-ZSM-5 could be included by 
omitting the most bulky isomers from the isomer groups. 
A kinetic study of the oligomerisation of isobutene over H-Mordenite was presented by 
Ngandjui and Thyrion (1992). This study was very similar to that performed by Haag (1967) 
using cation exchange resins which is to be reported in the next section. The mordenite used 
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was a highly dealuminated form having only 1 wt% alumina. This meant that the number of 
acidic sites were low but these were assumed to be very strong. Reactions were carried out 
in the liquid phase at several temperatures between 40 and 140°C in an agitated batch 
reactor. 
Initially, experiments were conducted to determine mass transport effects. It was found that 
no extra- or intra-granular diffusion limitations were present when particles less than 90µm 
and stirring speeds greater than 1000 rpm were used and therefore this particle size was 
chosen for all the experimental runs. It was found that at initial conditions first-order kinetics 
with respect to isobutene prevailed. These first-order kinetics were found to be consistent 
with a Langmuir-Rideal mechanism in which the reaction occurred between one adsorbed 
molecule and one in the gas phase. 
A graph of the product distribution up to 80 % conversion was provided for both an industrial 
extrudate and powder catalyst at a reaction temperature of 80°C. In both cases only 
oligomers up to the tetramer were formed with no cracked products. For the powder catalyst, 
the dimer concentration always exceeded that of the trimer while for the extrudate catalyst 
they were similar. They noted that all oligomers were present as soon as the reaction started. 
This was taken to provide evidence for a parallel instead of a purely consecutive reaction 
scheme. Since the tetramer was present only in small amounts the following reactions were 
considered : 
monomer + monomer - dimer 
dimer + monomer - trimer 
dimer + dimer - tetramer 
The Langmuir-Rideal equations for the rate of formation were formulated for all four 
reacting groups using the above reactions. The ratios of the adsorption coefficients bT/bM and 
b0 /bM were obtained by feeding different molar ratios of monomer and trimer, and monomer 
and dimer and studying the initial rates. These ratios reduce the number of parameters in the 
model and simplified the fitting procedure. The above set of differential equations was solved 
using a Runge-Kutta method. The model was able to predict the concentration of the reacting 
species as a function of time. The model concentrations compared well with experimental 
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data. 
1.4.2.2 Acid Catalysts - Non-Zeolitic 
\ 
Haag (1967) studied isobutene oligomerisation over cation exchange resins (Amberlyst 15). 
This study grouped the products according to carbon number and the skeletal structure of the 
products was not specified. Also, non-oligomer groups did not appear in the model. The 
reaction pathway is shown in Figure 1.25. 
The reactions were carried out in both batch and continuous flow reactors. The reaction 
conditions for the batch reactor were approximately 500 kPa and 25 to 60°C while those for 
the flow reactor were 1 MPa, 16 to 60°C and liquid hourly space velocities of 180 to 3600 
hr-1. The heaviest product produced in significant amounts was the tetramer. 
The dimerisation reactions, 
monomer + monomer - dimer 
dimer + dimer - tetramer 
were successfully modelled using a Langmuir-Rideal type mechanism. Surprisingly, the 
author found that the equilibrium constant for adsorption for the monomer was almost 10 
times that for the dimer. The trimers could form by either of the two ways shown in Figure 
1.26. A3(A) is formed via the addition of a dimer to an adsorbed monomer. On the other 
hand, A3(B) is formed when a monomer adds to an adsorbed dimer. This reaction competes 
with the desorption of the dimer. The tetramer only forms once the monomer is reduced to 
a low level since the monomer and dimer undergo competitive adsorption. 
Paynter and Schuette (1971) discuss the development of a model for the kinetics of propene 
and butene co-dimerisation over supported phosphoric acid. Initial product selectivities were 
studied in order to gain information regarding the rate constants. By using statistical 
arguments the authors were able to predict co-dimerisation rate constants from the individual 
dimerisation rate constants. They tested this relationship successfully using experimental data. 
This additional information was useful in reducing the number of model parameters. The 
product spectrum was lumped according to carbon number. The model only considered 
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Figure 1.25 : Oligomerisation Reaction Pathway (Haag (1967)) 
Figure 1.26 : Oligomerisation over Ion Exchange Resins (Haag (1967)) 
Chapter 1 - Introduction 49 
compounds up to and including CS - everything heavier was combined into one lump. No 
cracking reactions were considered, only straight-forward chain growth. Finally, the system 
was described using a set of seven, coupled, non-linear differential equations for which eight 
rate constants were required. The relationships above reduced the number of rate constants 
required to four. The fit obtained was reasonable but it was not able to predict the C9+ lump 
at low conversions. 
Cao et al. (1988) developed a lumped model for oligomerisation of prppene-butene mixtures 
over a supported phosphoric acid catalyst. Each component was classified according to the 
number of carbon atoms (n). All components containing n carbon atoms were further split 
into two groups en or en 1. en 1 were molecules that could grow in size by addition of a 
' ' 
monomer unit while Cn could not do so. Cn 1 could react via isomerisation to Cn. These 
' 
lumping criteria were proposed in order to simulate the situation during the reaction where 
different olefin isomers exhibited different levels of reactivity towards oligomerisation. No 
cracking reactions were considered. The authors introduced two kinetic criteria : 
1) 
2) 
All reactions Cn 1 - Cn was assumed first order and had the same rate constant 
' 
The addition reaction Cn 1 + Cm 1 - Cn+m 1 was second order and the rate constant 
' ' ' 
was the product of the two intrinsic reactivities. These intrinsic reactivities were 
adjustable parameters of the model. This assumption was useful since there were 
more reactions than reacting components and helped to simplify the modelling 
procedure. Theoretically, as long as the number of reacting components stays constant 
any number of reactions could be included eg. cracking. 
Inter- and intraparticle mass transport resistances were ignored. Only molecules up to C11 
were considered as inclusion of heavier molecules did not result in an improvement in fit. 
Additionally, olefins containing more than 7 carbon atoms were assumed not to react in all 
cases. Concentration profiles versus time were simulated and compared to experimental data 
from Paynter and Schuette (1971). The resulting fit was good. 
1.4.2.3 Heterogeneous Metal Catalysts 
The kinetics and mechanism of propene dimerlsation to 4-methyl-1-pentene over supported 
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and promoted metallic sodium was studied by Forni and Invernizzi (1973). The support used 
was K2C03 and the promoter Hg. Reaction conditions were 130 to 150°C, 1.7 to 7.7 MPa 
and a range of weight hourly space velocities. The experiments were conducted using a fixed-
bed, flow-through reactor. Initially, runs were carried out to assess the influence of mass 
transport effects. No influence of external diffusion was found. Since the catalyst had large 
pores (;;::: 10 000 A) it was assumed that there were no internal diffusion restrictions. 
The reaction products consisted only of dimers, the main dimer being 4-methyl-1-pentene. 
Other hexene isomers were formed in small amounts. The products were then grouped into 
four main lumps : propene, 4-methyl-1-pentene and branched and linear hexene isomers. 
Langmuir-Henshilwood type mechanisms were chosen to model the data. In order to 
determine the rate-limiting step, runs at various reactant partial pressures were carried out. 
The assumption that the adsorption of propene was rate controlling was found to fit the data 
best. Additionally, it was assumed that linear dimers form via the same mechanism as 4-
methyl-1-pentene while branched dimers form via the isomerisation of 4-methyl-1-pentenes. 
Since the other hexene isomers were in such small concentration, their influence could be 
neglected and their rate of formation expressed according to first order rate equations : 
where, r1 = rate of formation of 4-methyl-1-pentene 
r 2 = rate of formation of branched hexene isomers 




Experimental runs were performed using both differential and integral reactor mode. 
Using the information obtained from the differential reactor runs, the authors were able to 
reduce the number of parameters required to fit the integral data. The fit of the model to the 
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experimental data was good. Additionally, the authors were able to calculate activation 
energies of the reactions along with the standard enthalpy and entropy of adsorption for 4-
methyl-1-pentene. 
Espinoza et al. (1987) developed a random dimerisation and co-dimerisation model for the 
oligomerisation of ethene over a nickel-exchanged amorphous silica-alumina. The silica-
alumina mole ratio of the catalyst was 50 and contained 0.27 wt% nickel. Runs were carried 
out using a fixed-bed, tubular reactor and. the effect of operating conditions studied by 
systematic variation of temperature, pressure and WHSV. Temperatures from 120 to 380°C, 
pressures from 0.16 to 2.1 MPa and WHSV's from 0.5 to 12 hr-1 were covered. Their data 
showed that an increase in either pressure or temperature resulted in a slightly heavier 
product. An increase in space velocity resulted in an increase in ethene dimers and a 
reduction in cracked products. It was thought that acid catalysis contributed to the 
oligomerisation of the C2+ species. The reactivity of light olefins was also studied. Propene 
and ethene had the same level of reactivity while that of 1-butene was half that of ethene. It 
was also noted that isomerisation of the butenes was occurring simultaneously with 
dimerisation. The presence of the acid sites was thought to contribute to the fast 
establishment of isomer equilibrium. 
A model was proposed that represented a concentration-driven random dimerisation and co-
dimerisation of the alkenes and adjustments were made for major kinetic differences between 
the various alkenes. Cracking reactions were ignored. P(X), ~he probability that the reaction 
will involve molecule X was defined as : 
P(X) = Number of Molecules with Carbon Number X R 
Total Number of Molecules 
where, R reactivity parameter = 1, except for C4+ species where it is 0.55 
The change in the number of oligomers in any small time increment is : 
!lN(2) = -2[P(2) .P(2) + P(2) .P( 4) + P(2) .P(6) ....... ] 
= -2~ [P(2) .P(x)] 
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The mass percent of the products versus conversion of the feed was calculated and compared 
with experimental data. The fit to the experimental data was good. It was also added that 
cracking could be incorporated into the model if required. 
Another example of kinetic and mechanistic studies performed on a supported nickel catalyst 
is that by Forni et al. (I975). The catalyst used in this study was 13X molecular sieve 
containing 4.9 wt% nickel and 1.5wt3 Li20. Studies were carried using a fixed-bed, flow 
reactor at I60 to 200°C and approximately 4MPa, using a I-butene feed. At each 
temperature the residence time was varied to obtain at set of conversions from approximately 
10 to 70 % conversion. The major product was the dimer along with 2-butenes. When the Cg 
fraction was hydrogenated and analysed it was found that over the reaction conditions studied 
the linear Cg content remained constant at 30 3. In order to model the reaction, the product 
spectrum was divided in~o three groups, namely I-butene, 2-butene and Cg's: The reactions 
considered were the isomerisation of I- to 2-butene and the dimerisation of these two isomers 
to Cg. Any heavy byproducts were ignored. The authors concluded that despite the simple 
nature of the model, the fit was adequate and a more complex model was not required. They 
were also able to calculate the activation energies of the reactions. The low values of the 
activation energies led to the suggestion that the reaction was mass transfer controlled. The 
mass transfer resistance was caused by the gaseous reactant having to diffuse through a liquid 
film before reaction could take place. 
1.4.2.4 Homogeneous Catalysts 
Galtier et al. (1988) modelled homogeneous ethene oligomerisation occurring during the 
Dimersol and Alphabutol Processes. It was assumed that oligomerisation could be modelled 
as a form of polymerisation with two types of reaction steps, namely chain growth and chain 
termination. Here also, isomers were grouped according to carbon number and isomerisation 
reactions were ignored. Essentially, this model is an extension of the Schultz-Flory model. 
According to the model mechanism polymerisation of the monomer and the first oligomers 
can occur i.e. mixed homo- and co-polymerisation. However, the authors assumed only the 
dimer and trimer were reactive when fitting the data. The values of the rate constants were 
adjusted by trial and error until the model fitted the data points. The model fit was good. 
Chapter 1 - Introduction 53 
1.4.3 Models of Other Complex Reactions 
Krambeck (1991) discusses the continuous mixtures approach to modelling fluidized catalytic 
cracking reactions (FCC). Here the product from FCC is classified as that boiling below 
200°C (gasoline). Anything above 200°C is unconverted material. It was found that the 
unconverted material disappears according to a second order rate law even though the 
individual species disappear via first order. This is because the fastest reacting compounds 
are removed first leading to a faster decline in reaction rate than would be expected. This 
phenomenon is also discussed by Ho and Aris (1987). 
Gasoline selectivity was modelled using the following equation, assuming that the gasoline 
fraction is cracked according to a second order rate law: 
g = (1 - k8)(100 - x) 




g is the gasoline selectivity 
x is the conversion 
kg rate coefficient for the gasoline fraction 
(1.13) 
This model was compared to data from several feedstocks and catalysts and the agreement 
was good. This model can be extended further to predict the entire boiling point range : 
where, 
k(T)x 
(100 - x) 
w 0 (T) is the percent of feedstock boiling above temperature T 
w(T) is the percent of reaction products boiling above T 
k(T) is· the second order rate constant 
(1.14) 
Similarly, this model was able to predict experimental data well. However, Krambeck notes 
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that the performance of the system varies with the feed and there is no simple way of 
incorporating this effect into the model. Only by adopting a more fundamental approach is 
one able to solve this problem. 
Froment (1991) used the fundamental approach when modelling hydrocracking on metal-
loaded zeolites. Here the kinetics of reaction is expressed in terms of fundamental elementary 
steps. These elementary steps are further broken down into single events : 
k* = n k e (1.15) 
where, 
k * is the elementary rate coefficient 
ne is the number of single events 
k is the rate coefficient of the single event 
For n-octane feed there were 383 elementary chemical steps, however, 383 rate constants 
were not required to model the reaction. Using several simplifying assumptions and 
thermodynamic constraints only 17 independent rate coefficients. were required to model the 
reaction : 2 for protonation, 2 for deprotonation, 2 for hydride shift, 3 for methyl shift, 3 
for PCP isomerisation and 4 for {1-scission. These rate constants were independent of carbon 
number and could be determined either from C8 or C10 hydroc:racking. The rate equations 
used to describe the reaction then consisted of the individual elementary steps. The addition 
of a rate determining step and the effect of physisorption simplified the model still further. 
Unfortunately, no experimental data was provided with which to test this fundamental 
approach. 
1.5 Objectives of This Study 
While the models for oligomerisation reviewed in this chapter are able to predict 
concentrations well, all lump the products according to their carbon number. This is because 
for the majority the aim was to predict product properties such as viscosity and boiling point 
and the effect of reaction conditions such as temperature and pressure for industrial 
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applications. However, no information is provided by these models on the interconversion 
of the different skeletal structures which have very different reaction rates. 
Thus, the first aim of this thesis was to understand the underlying reaction pathways for high 
pressure propene oligomerisation over H-ZSM-5 by adopting a fundamental approach. The 
second aim was to use the information obtained regarding the reaction pathways to develop 
a mathematical model to describe the oligomerisation process as a whole. 
1.6 Problem Solving Methodology 
In view of the complex nature of propene oligomerisation, a systematic approach was 
necessary in order to establish the reaction pathways and to develop a mathematical model 
for this reaction. The problem was divided into a series of sub-problems, each laying the 
groundwork for the next. The aim was to obtain as much information about the reaction as 
possible, in order to make the modelling process more tractable. 
1. Reaction conditions of 250°C and 5MPa were chosen for this study since they fell within 
the range of industrially relevant conditions that maximised oligomer formation. 
2. In order for the kinetic studies to have any value, the experimental data needed to be 
accurate and reproducible. Mass balances and the reproducibility of the experimental data are 
covered in Chapter 2. 
3. Prior to collecting experimental data, it was important to ensure that the reaction was not 
influenced by external mass transfer limitations and was operating under isothermal 
conditions. The subject of external mass transfer and isothermal behaviour is covered in 
Chapters 2 and 3. 
4. A study on the effect of reaction temperature for propene oligomerisation over H-ZSM-5 
showed that the reaction products were influenced by diffusion and adsorption. Additionally, 
the shape selective effects of H-ZSM-5 were confirmed by comparison of the reaction 
products with those from non-shape selective catalysts. The results of these studies are 
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presented in Chapter 3. This section highlights the influence of diffusion, adsorption and 
shape selective effects on the reaction products from propene oligomerisation over H-ZSM-5. 
5. The next step in the problem solving process was the equilibrium studies, covered in 
Chapter 4. In order to study the isomerisation reactions, experiments needed to be conducted 
at conditions of low conversion since the hexene dimers were at equilibrium with respect to 
their double bonds but not with respect to their skeletal structures. Low conversion also 
minimised side reactions such as cracking, disproportionation and aromatization. These 
studies illustrated the importance of operation under conditions of low conversion when 
studying the kinetics of oligomerisation. In addition, the equilibri.um studies also justified the 
development of a model that lumped the reaction products according to their skeletal . 
structure. Finally, at less than 10 % conversion, the reactor could be treated as a differential 
one and this simplified the development of subsequent oligomerisation models. 
6. Under conditions of low conversion the dominant product oligomers were dimers and 
trimers. The isomerisation of the dimers was studied first and the results are presented in 
Chapter 5. It was intended that once the relative rate constants for hexene isomerisation, 
were established this information could be extended to nonene isomerisation. Several 
models, of increasing complexity, were developed to describe hexene isomerisation. 
7. The final step of this study covered the trimerisation step in propene oligomerisation and 
its inclusion in a model for oligomerisation. This is presented in Chapter 6. Here an 
isomerisation pathway for the nonenes_ is presented based on similar isomerisation schemes 
for the hexenes. Several problems regarding the overall modeHing of oligomerisation are 
highlighted in this section. 
CHAPTER 2 - EXPERIMENTAL APPARATUS AND PROCEDURE 
2.1 Experimental Apparatus 
A diagram of the experimental apparatus used for the oligomerisation of propene is shown 
in Figure 2.1. Saturated liquid propene, 99.9% pure, was fed via a high pressure, Lewa, 
diaphragm pump to the reactor system from a No. 7 CADAC gas cylinder. The main 
impurities present in the propene feed were propane and isobutane along with traces of 
ethene, ethane and methane. 
Liquid propene was supplied at vapour pressure and room temperature, namely 0.9MPa and 
25°C. Before entering the pump the propene passed over 17g of 3A molecular sieve of 
particle size 1 to 2mm in order to remove any water vapour. Next, any particulate matter 
was trapped using a 0.5 micron filter. As a safety measure there was a l.5MPa relief valve 
upstream of the pump. The pressure was monitored upstream and downstream of the pump 
by pressure gauges. In addition, there were non-return valves on either side of the pump to 
prevent backflow. The pump head was cooled to 5°C using ethylene glycol in order to 
prevent cavitation. Downstream of the pump there was a 7MPa bursting disc. 
High purity nitrogen could also be fed along with the propene feed stream. The flowrate of 
nitrogen to the system was controlled by a 5850 TR series Brooks massflow controller 
(MFC), with a flow range of 0 to lOOOml/min. The massflow controller kept the flowrate 
of gas constant regardless of downstream pressure fluctuations. Before the MFC there was 
a 0.5 micron filter to remove any particulates from the gas stream. Pressure_s upstream and 
downstream of the MFC were monitored using pressure gauges. 
The propene and nitrogen streams passed together through a small packed bed of Imm glass 
beads in order to ensure adequate mixing. The mixer and the line downstream to the reactor 
inlet were heated to 200°C. Before and after the reactor were three-way valves that allowed 
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Synthetic air, 21 mol 3 oxygen and 79 mol 3 nitrogen, could also be fed to the system for 
use during calcination. The air flow was controlled via a needle valve. 
The reactor was a tubular, stainless-steel packed-bed reactor (see Figure 2.2). Heat was 
supplied via a heating block containing four 500W cartridge heaters. The temperature of the 
heating block was controlled by a PID controller, accurate to 1 °C, with a thermocouple 
mounted in the centre of the heating block. The temperature of the catalyst was measured by 
a thermocouple in an axially-mounted thermowell. At the reactor exit there was a 0.5 micron 
filter to prevent any catalyst particles from blocking the downstream lines. The line from the 
reactor to the condenser was heated to 200°C to prevent any condensation of liquid product. 
Between the reactor and the gas chromatograph (G.C.) there was a back pressure regulator. 
This maintained the reactor at the required operating pressure while reducing the pressure 
of the product stream back to atmospheric pressure. 
After the back pressure regulator the reactor product stream was mixed with the internal 
standard stream using a packed bed of lmm glass beads. The internal standard, methane or 
dimethyl ether, was also fed by 'a 5850 TR series Brooks MFC, with a flow range of 0 to 
50ml/min. A 0.5 micron filter was situated upstream of the MFC. The pressure in the 
product line was also monitored using a pressure gauge. 
Samples of the product stream were taken using an online G.C. sampling system. The 
amount of product stream diverted to the sampling system was controlled using a needle 
valve. The sampling system consisted of a Varian 3700 G.C. with a flame ionisation 
detector, linked to Varian Vista CDS 401 integrator. A 50m, Hewlett Packard, Special 
Performance, PONA capillary column was used. This column had an inner diameter of 
0.21mm and a film thickness of 0.5 micron. The stationary phase was crosslinked methyl 
silicone. 
Apart from the normal mode of analysis, the product stream could also be hydrogenated 
before entering the G.C. column. The hydrogenation was achieved by placing a small packed 
bed of 5wt3 platinum on alumina in the heated injection port of the G.C. and changing the 
/ 
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carrier gas to hydrogen. The temperature of the injection port was 220°C. A typical 
temperature program for the column was the following : hold at 30°C for 5 minutes, ramp 
at 5°C/min to 250°C, hold at 250°C for 10 minutes. This mode of analysis converted all the 
olefins to paraffins of the same carbon skeleton. In doing so, the number of peaks in the 
chromatogram was reduced. This facilitated the detailed analysis of complex product spectra. 
It was confirmed that no reaction other than hydrogenation took place over the hydrogenation 
catalyst. This is shown in Table 2.1 below : 
Table 2.1 : Effect of Hydrogenation on Product Spectrum 
Skeletal Group Hydrogenated U nhydrogenated 
Conversion : 25 .4 % Conversion 25 .2 % 
Hexane 74.6 74.8 
3-methyl-Pentane 10.0 9.85 
2-methyl-Pentane 15.4 15.4 
After the G.C. sampling system the product stream passed through a glass condenser kept 
at 5°C. Liquid product was collected in a small flat-bottomed bulb which could be removed, 
stoppered and weighed. The gas passed through either a wet gas flowmeter (WGFM) or 
bubble meter before being vented. 
For the hexene isomerisation runs the propene cylinder was replaced by a glass, stoppered 
vessel containing either 1-hexene or 4-methyl-1-pentene. 
2.2 Preparation and Packing of Catalyst 
Due to the exothermic nature of the reaction it was important to ensure that the reactor was 
isothermal. If the temperature in the catalyst bed was not properly controlled the reaction 
could easily become unstable and temperature runaway would occur. A highly effective 
method involved diluting the catalyst with quartz sand which resulted in a maximum 
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temperature variation along the bed of 4 °C. This was achieved using the following method 
developed at the Engler-Bunte-Institute, University of Karlsruhe (van Steen (1993)). Acid 
washed sand, of particle size 100 to 500 micron was obtained from SAARCHEM. Before 
using the sand it was repeatedly washed in de-ionized water to remove any residual aciditity. 
If this was not done the sand was found to be mildly reactive under oligomerisation reaction 
conditions. The sand was also sieved to a +212 to -300 micron size range. The catalyst and 
sand were then weighed out in a 1 :50 mass ratio. (For reactions less exothermic a smaller 
ratio could be used; however, it was also found that a ratio smaller than 1: 10 should be 
avoided as this prevented intimate mixing of catalyst and sand.) The catalyst and sand were 
then placed in an evaporating dish along with enough de-ionized water to form a slurry. The 
dish was then placed on a hotplate and heated gently while stirring continuously until all the 
water evaporated. The catalyst-sand mixture was then placed in the oven at 100°C for a 
further half hour to dry fully. 
Between 0.1 and 0.5g of the catalyst was packed in the reactor in the following manner (see 
Figure 2.2). A spacer was first placed at the bottom of the reactor. This was a short section 
of stainless steel tubing that acted as a support for the catalyst bed. A coarse sieve was then 
placed on top of the spacer followed by a finer one. This was followed by a plug of ceramic 
wool which was packed down tightly. This was followed by a number of fine sieves. Next, 
came the catalyst-sand mixture. The position of the catalyst bed in the reactor was carefully 
noted in order to measure temperatures down the bed accurately. A few more sieves were 
placed above the catalyst bed, followed by another plug of ceramic wool. More sieves were 
placed after the wool followed by a bed of lmm glass beads that acted as a preheat section. 
Both the sieves and the ceramic wool prevented the catalyst leaving the reactor. 
2.3 Experimental Operation 
Prior to an experimental run, the catalyst was calcined as follows. The reactor system was 
first pressurised with nitrogen to the required operating pressure and checked for leaks. Air 
at 60ml/min was then passed over the catalyst bed while the reactor was slowly heated to 
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Chapter 2 - Experimental Apparatus and Procedure 63 
500°C. The reactor was left overnight at 500°C, whilst air was continually passed over the 
catalyst. The lines leading to and from the reactor were heated to 200°C in preparation for 
the run the following day. 
The following morning the reactor was cooled to 120°C and rechecked for leaks. Next, the 
peristaltic pump for the cooling circuit for the Lewa pump head and catchpot was started. 
The whole reactor system, from the pump exit up to the back pressure regulator was 
pressurised using nitrogen. Before starting the run the whole system was flushed with 
nitrogen in order to remove any air . The three-way valves at the inlet and exit to the reactor 
were switched to bypass . The propene feed bottle was then opened and the pump started. 
Once the pump was operating the flow was measured at the exit of the system using either 
the WGFM or the bubble meter. Once the flowrate was correct, the pump was left for half 
an hour to stabilize. 
If nitrogen was to be co-fed the nitrogen MFC was turned on and flowrate set to the required 
value. Once the pump was stable several samples of the feed gas were taken using the G.C. 
sampling system and the mass balance for the feed stream calculated using the internal 
standard. Following this, the three-way valves were switched to the reactor and the stop-
watch started. The temperature of the heating block was then slowly raised until the catalyst 
bed reached reaction temperature. The reactor was then left for_ 10 to 15 minutes to ensure 
that the reactor temperature remained stable. If a low conversion run was to be carried out 
the internal standard flow was turned on and allowed to stabilize. The reactor temperature 
and the runtime were then noted and an on-line sample taken. 
If a high conversion run was to be carried out then the time and the WGFM reading were 
noted and a clean, dry bulb connected to the catchpot. For the next hour a number of gas 
. samples were taken and analysed using the Varian G.C. At the end of the hour the WGFM 
reading was again recorded and the glass bulb disconnected from the catchpot, stoppered and 
weighed. 
At the end of the run the feed pump was stopped and the heating block for the reactor turned 
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Figure 2.3 : Scanning Electron Micrographs of H-ZSM-5 
Figure 2.4 : Scanning Electron Micrographs of H-Beta 
Figure 2.5 : Scanning Electron Micrographs of SAP0-34 
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off. The nitrogen flow was left on for 15 minutes in order to flush out the system. The 
nitrogen was then turned off and the system slowly depressurised. 
2.4 Catalysts Used 
2.4.1 H-ZSM-5 
The H-ZSM-5 used in this study was prepared at UCT according to the method of Arguer 
and Landolt (1972) in a mechanically stirred autoclave. The Si/Al ratio determined by atomic 
adsorption was approximately 35. The particle size determined from scanning electron 
micrographs was between 1 and 3 micron. This particle size was the smallest attainable under 
the synthesis conditions and was chosen to reduce external mass transfer effects. The 
scanning electron micrographs are shown in Figure 2.3. The X-ray powder diffraction pattern 
of this catalyst is shown in Figure 2.6. The d-spacings were compared with values given by 
Szostak (1992)) and can be found in Table A.1, Appendix A. 
2.4.2 H-Beta 
The H-Beta used in this study was prepared at UCT according to the method of Wadlinger 
et al. (1967). The Si/Al ratio determined by atomic adsorption was 8. The average particle 
size determined by scanning electron micrographs was between 0.4 and 0.5 micron. The 
scanning electron micrographs of this catalyst are shown in Figure 2.4. The X-ray powder 
diffraction is shown in Figure 2.7. The d-spacings were compared with values given by 
Szostak (1992) and can also be found in Table A.2, Appendix A. 
' 
2.4.3 SAP0-34 
This catalyst was prepared at UCT according to the method of Lok et al. (1984). The 
particle size was approximately 1 to 2 micron. The scanning electron micrographs of this 
catalyst are shown in Figure 2.5. The X-ray powder diffraction pattern is shown in Figure 
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Figure 2.8 : XRD Pattern for SAP034 
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2.8. The d-spacings were compared with values given by Szostak (1992) and can also be 
found in Table A.3, Appendix A. 
2.4.4 Amorphous Silica-Alumina 
This catalyst was manufactured by Kali-Chemie and had a Si/Al ratio of 9. The catalyst 
consisted of hard, approximately 3mm beads which were first crushed then ground to a 
powder of particle size of 30 to 300 micron using a mortar and pestle. 
2.5 Data Analysis 
Care was taken during this study to ensure good mass balances ( > 95 3) as these are an 
important pre-requisite to kinetic studies. Mass balances were performed using an internal 
standard. This is a non-reactive compound fed into the product line after the reactor and 
before the G.C. (see Figure 2.1). As the flowrate of this component is known and 
unchanging it can be used to calculate the flowrate of all components in the product stream. 
Initially, dimethyl-ether was used as an internal standard because it was not produced during 
propene oligomerisation. However, the G.C. response factor of this component was 
significantly different from the rest of the components in the product stream. For runs 
operating at low conversion methane was used instead as none of this component was 
produced and its response factor was closer to that of the other components. The internal 
standard method gave mass balances to within 5 3. 
At low conversions, the mass 3 of the components in the product stream were low. In order 
to obtain accurate product distributions, the sample volume injected into the G.C. had to be 
increased. However, this resulted in a signal for the propene feed that was too large and 
mass balances could not be calculated for each sample. As a compromise, one sample was 
taken for each run with a lower volume injected in order to calculate mass balances while 
for the other larger volume samples the internal standard· was used to calculate conversion. 
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For high conversion runs large amounts of liquid product were produced. Under these 
conditions the internal standard could not be used as it did not mix properly with the product. 
Instead, the total amount of gas and liquid leaving the system was monitored over hourly 
periods. Deactivation was minimal during the high conversion runs. Mass balances carried 
out this way also tied to within 5 % . 
A sample calculation of the mass balance, conversion and selectivity can be found m 
Appendix A for both high and low conversion runs. 
2.6 Reproducibility of Experimental Data 
The following definitions are pertinent to the following discussion : 
The mean is defined as follows, 
X* 
n 
while the standard deviation is given by, 
s = 
n 
L (xi - X*)2 
i=I 
n - 1 
(2.1) 
(2.2) 
and coefficient of variation, which represents the variation in several sets of data 
v = ~·100 (2.3) 
X* 
The reproducibility of the analysis technique was determined by injecting three successive 
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Figure 2.10 : Reproducibility of Experimental Runs 
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product composition. The results are shown in Figure 2.9. In this figure the ratio of the 
mass% of the compound to its mean value for the three samples is plotted. (An expanded 
scale was used in order to highlight the differences.) The average coefficient of variation for 
the hexene isomers was 0.61 %. This indicates that the analysis techniques were reproducible. 
The reproducibility of the experimental runs was determined by examining the product 
distribution from three propene oligomerisation runs performed on separate occasions and 
conducted at 250°C, 5MPa and 7% conversion. Figure 2.10 plots the ratio of the mass% of 
the compound to its mean value for the three runs. Those compounds only present in small 
amounts in the product and thus subject to the greatest variability are marked with a star. The 
product shown has undergone pre-column hydrogenation before analysis. 
The average coefficient of variation was 5. 7 % . The worst coefficient of variation was 
approximately 10 % for compounds such as 4-ethyl-heptane and 2,3,5-trimethyl-hexane, while 
the best was approximately 2 % for compounds such as 2-methyl-pentane and 2,3-dimethyl-
heptane. Thus, it was concluded that the reproducibility of the experimental runs was 
acceptable. 
The data used to assess the reproducibility of the experimental data can be found in Tables 
A.4 and A.5 in Appendix A. 
CHAPTER 3 - PROCESS CONDITIONS 
3.1 Introduction 
The first section of this chapter presents results of external mass transfer studies. These were 
conducted prior to any experimental work in order to determine whether gas film diffusion 
was rate limiting. 
Tabak et al. (1986) discuss the effect of temperature and pressure on olefin oligomerisation 
over H-ZSM-5. The reaction window for H-ZSM-5 is large and Tabak et al. (1986) indicate 
that oligomerisation at temperatures as low as 37°C and pressures as low as 7kPa and as high 
as 14 MPa have been observed. However, they note that at temperatures above 327°C . 
equilibrium constraints became significant. Garwood (1983) gives the range of temperatures 
and pressures that favour high molecular weight products, and thus are of commercial 
interest, as 200 to 260°C and 2 to lOMPa. Contact times should be high i.e., WHSV of 0.5 
to lhr-1. 
Reactions conditions of 250°C and 5MPa were chosen for this study as these fall within the 
range of reaction conditions that favour olefin oligomerisation. It was also decided to operate 
under conditions of low conversion namely, 5 3. The reasons for this were mentioned in 
Chapter 1 and are covered in detail in Chapter 4. 
Previous studies on oligomerisation for example, Garwood (1983) and Tabak et al. (1986), 
have already shown that the effect of increasing pressure is to increase the amount of heavy 
products, as would be expected thermodynamically. For this reason, the effect of pressure 
was not investigated during this study. Pressures higher than 5MPa were also not practical 
with the existing experimental apparatus. 
The effect of temperature on the reaction is important in kinetic studies as the rate constants 
are dependent on temperature via the Arrhenius equation. Thus the reaction temperature was 
varied from 200 to 280°C and the variations in product selectivity and rate of formation are 
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presented and discussed in Section 3.3. 
The last section in this chapter, Section 3.4, discusses changes in product shape selectivity 
observed when catalyst type is varied. In this section literature covering shape selective 
effects in porous catalysts is presented first. Following this, experimental results are 
presented and discussed. 
3.2 External Mass Transfer 
A molecule undergoes the following steps during reaction over a solid acid catalyst : 
a) transfer from the bulk gas to the external surface of the catalyst particle, 
b) diffusion along the catalyst pore to the active site, 
c) adsorption on the active site, 
d) reaction on the active site to produce the product molecule or molecules, 
e) desorption of the product molecule from the active site, 
t) diffusion of the product molecule along the catalyst pore to the external surface and 
g) transfer from the external surface to the bulk gas. 
Any of these steps, not necessarily .chemical reaction, may be rate limiting. Figure 3.1 shows 
how for a non-porous catalyst the surface concentration differs from that of the bulk 
depending whether transfer to the surface or reaction controls. 
For a gaseous reaction on a solid catalyst the following expressions can be written for the 
rate of reaction at steady state conditions for the following simple reaction (Smith (1981)): 
(It should be noted that for the purposes of the derivation below internal mass transport 
resistances are ignored.) 
_Q 
u 
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Figure 3.1 : Effect of Different Controlling Mechanisms (after Smith (1981)) 
A-B 
where Cb - concentration in the bulk gas 
C5 - the concentration at the surface 
km - the mass transfer coefficient between bulk gas and surface 
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This equation shows how the overall rate is influenced by two resistances namely, rate of 
chemical reaction and rate of mass transfer to the surface. 
Before conducting kinetic studies it was important to evaluate the extent of external mass 
transfer resistances on the reaction. A series of experimental runs were carried out at 
identical WHSV's but at different superficial gas velocities for propene oligomerisation at 
5MPa, 250°C. (This was accomplished by varying the catalyst mass and flowrate 
simultaneously.) If the conversion and the selectivity to the reaction products remained 
unchanged over a wide set of experimental conditions, it could be assumed that external mass 
transfer was not limiting. As reaction temperature and pressure did not change, internal mass 
transfer effects were assumed to be constant during these runs. The external mass transfer 
coefficients were calculated using one of the few correlations for low particle Reynolds 
numbers (Wakao and Tanisho (1974)) : 
Sh = 0.35Re 2 for Re = 0.05 - 1 (3.4) 
The results are shown in Table 3.1. The viscosity of propene at the reaction conditions was 
calculated using the Lucas method recommended by Reid et al. (1987). The self diffusivity 
was calculated using a correlation from Lee and Thodos (1983). This correlation is quoted 
by the authors as having a deviation of 0.51 % (for 519 data points) for dilute and dense 
gaseous states. (Detailed calculations can be found in Appendix B) 
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Table 3.1 : Estimation of External Mass Transfer Resistances 
Diffusivity of Propene, 5 MPa, 250°C : 0.00377 cm2/s 
Viscosity of Propene, 5 MPa, 250°C : 1.68e-5 Pa.s 
WHSV Conv. Cat Mass Vap. Vel. Rep Shp ~ (Cb - Cs)/Cb 
hr-1 % g emfs mis 
325 5.2 0.05 3.68e-2 0.303 0.0321 4.727e-5 0.1022 
340 4.9 0.093 7.16e-2 0.589 0.122 1.790e-4 0.0266 
320 6.2 0.28 2.03e-1 1.670 0.976 1.437e-3 0.00397 
311 5.2 0.28 1.97e-1 1.623 0.922 1.358e-3 0.00341 
For all oligomerisation runs quartz sand particles were used to dilute the catalyst bed and 
maintain isothermal operation using the method described in Chapter 2. For the purposes of 
the mass transfer calculations, the catalyst bed was considered as a bed of quartz particles 
surrounded by a thin layer of small catalyst particles all between 1 and 3 micron in size. 
Therefore, the particle size used in calculating the particle Reynolds number was the average 
particle size of the inert quartz sand particles, namely 256 micron. 
The last column in Table 3.1 shows that external mass transfer resistances are not significant 
and can be neglected as the difference between Cb and C
8 
is less than or equal 10 % . This 
is further supported by the experimental data shown in Figures 3.2 to 3.5. For each· 
experimental run several samples were taken. 
Figure 3.2 plots conversion versus run-time, after reaching reaction temperature, for various 
superficial feed gas velocities. During each experimental run the catalyst underwent 
deactivation. However, this set of data shows there is no significant change in the conversion 
versus time profile over the range of gas velocities studied. Figure 3.3 presents the mass 
selectivity to oligomers as a function of propene conversion for the range of gas velocities 
covered. This figure again shows there is virtually no effect of gas velocity on selectivity, 
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isomers were grouped into one oligomer group.) Figure 3.4 shows the mass selectivity to 
cracked products as a function of propene conversion. Although this figure does not provide 
any additional information to Figure 3.3, it was included for completeness. 
Figure 3.5 groups the hexene isomers according to their carbon skeleton and compares the 
selectivities at the different gas velocities at 5 % conversion. This figure clearly shows 
essentially no change in selectivity within the hexene isomer group. 
For the above experimental runs the external mass transfer coefficient was varied by 
approximately 30 times. As no change was observed experimentally and because according 
to calculations no change was expected, it was concluded that under the experimental 
conditions used for this study the effect of external mass transfer could be neglected. 
The experimental data used to evaluate external mass transfer effects is shown in Tables B.1 
to B.4 in Appendix B. 
3.3 Effect of Reaction Temperature 
Karger and Ruthven ( 1992) discuss the temperature dependence of the overall effective rate 
constant for zeolite catalysts. At low temperatures the reaction is kinetically controlled and 
the intrinsic rate constant obeys the Arrhenius law : 
(3.5) 
where ki is the intrinsic rate constant. Under conditions of reaction control the effectiveness 
factor, 'Y'/, is close to 1. 
I 
As the temperature increases, the rate constant increases faster than the effective diffusivity 
and a transition to the diffusion controlled regime occurs. The effective rate constant is now 
defined as follows : 
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(3.6) 
Thus if the temperature dependence of De is small (e.g. Knudsen) then the apparent 
activation energy will be approximately half the true-value. 
At still higher temperatures external film diffusion becomes controlling and the effective rate 
constant approaches the following value : 
(3.7) 
These different controlling regimes are represented in Figure 3.6.. 
The above behaviour is typical of macroporous catalysts and cannot be directly applied to 
zeolites for the following reasons : 
1) Intracrystalline diffusion is a function of temperature according to the Arrhenius law and 
its activation energy may be comparable to that for the chemical reaction. 
2) Reaction occurs in the adsorbed phase and as a result the apparent reaction order will be 
different from the true order outside the Henry's Law region. 
If Langmuir equilibrium is assumed and with the further approximation of Henry's Law the 
rate constant for a simple, first order reaction is : 
k. = k.1K 
I I 
(3.8) 
where K is the Henry's Law constant. The temperature dependence of Henry's Law constant 
is given by : 
(3.9) 
Finally the rate constant can be represented by the following equation : 
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Figure 3.6: Arrhenius Plot Showing Different Controlling Regimes for Porous Catalysts 
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Figure 3.7: Arrhenius Plot Showing Influence of Strong Adsorption and Diffusion 
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(3.10) 
This means that the apparent activation energy is now (Er + AU0 ). Adsorption is an 
exothermic process and therefore its activation energy is negative. If the absolute value of 
activation energy for the reaction, Er> is smaller than that for adsorption, AU0 , the apparent 
activation energy will be negative. This implies a decrease in reaction rate with increasing 
temperature. An example of this is provided by Wei (1994). Wei shows' how the apparent 
activation for the cracking of n-paraffins over H-ZSM-5 decreases steadily with increasing 
carbon number. At n = 16 the apparent activation energy is zero and at n = 20 it becomes 
-84 kJ/mol. 
If diffusion is included, then the activation energy in the kinetic regime, (Er + AU0 ), 
becomes (Er+ AU0 + Ed)/2 in the pore diffusion controlled regime. The influence of strong 
adsorption and diffusion on the Arrhenius plot is shown in Figure 3. 7. Therefore, in the light 
of this discussion, a well-defined transition to an apparent activation energy of about half the 
true value is unlikely to be observed in a zeolite system. 
· Propene was oligomerised over H-ZSM-5 at 5MPa, approximately 5 3 conversion and the 
temperature varied from 200 to 280°C. Pre-column hydrogenation was used in the G.C. 
analysis. This procedure hydrogenated the double bonds of the olefins but retained the 
skeletal structure. The products were thus separated into their skeletal groups. This also 
ensured that the nonene isomers could be analysed in detail since without hydrogenation the 
peaks could not be separated and identified accurately. In the graphs that follow the olefins 
are classified by their alkane skeleton that results from hydrogenation. For example, 2-
methyl-1-pentene, 2-methyl-2-pentene and 4-methyl-2-pentene, cis and trans are represented 
by the 2-methyl-pentane skeleton. 
All the experimental runs discussed in sections 3. 3 and 3. 4 were conducted at the same 
conversion. This is essential because oligomerisation is a series reaction and comparisons 
between varying operating conditions should be at the same conversion. 
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The relative amounts of the skeletal structures within the hexene fraction is shown in Figure 
3.8. The conversion for each run is listed next to the reaction temperature in the graph 
legend. As the temperature decreases there is a steady decrease in the amount of the 3-
methyl-pentane structure and a steady increase in the amount of the 2-methyl-pentane 
structure. At 200°C there is a sharp change in the relative concentrations of both the hexane 
and 2,3-dimethyl-butane structure. The hexane structure decreases while the 2,3-dimethyl-
butane structure increases. 
The results are similar for the nonene isomers (Figure 3.9). As the temperature decreases, 
there is a definite decrease in the amount of linear structures namely, nonane, 3-methyl-
octane and 4-methyl-octane/2-methyl-octane. Those dimethyl-heptane skeletons in which the 
methyl groups are separated via a carbon atom also decrease with decreasing temperature 
namely, 2,5-dimethyl-heptane, 2,6-dimethyl-heptane and 2,4-dimethyl-heptane. On the other 
hand, the amount of dimethyl-heptane structures that have adjacent or opposite methyl groups 
increase with decreasing temperature namely, 3,4-dimethyl-heptane, 2,3-dimethyl-heptane, 
4,4-dimethyl-heptane and 2,2-dimethyl-heptane. The highly branched isomers also clearly 
increase with decreasing temperatures 2,3,4-trimethyl-hexane, 3-ethyl-2-methyl-hexane and 
2,3,5-trimethyl-hexane. In view of this noticeable shift in selectivity from linear to branched 
products it is therefore possible that there is a change in the controlling mechanism of the 
reaction from diffusion to reaction control as the temperature decreases from 280 to 200°C. 
In order to test this theory, Arrhenius plots were generated for all products over the 
temperature range studied, using differential reaction rates. According to conventional theory, 
if the reaction becomes increasingly diffusion controlled with increasing temperature, so the 
slope of the Arrhenius plot should decrease with increasing temperature. The Arrhenius plots 
are shown in Figures 3.10 to 3.12. Figure 3.10 plots Arrhenius curves for propene and the 
hexene skeletal structures. "Rate of removal" on the ordinate refers to propene while "rate 
of production" refers to the hexene skeletal structures. Figures 3.11 and 3.12 present results 
relevant to the major nonene skeletal structures. 
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Figure 3.12: Arrhenius Plots for Nonene Skeletal Structures 
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over the temperature range studied, even though a clear shift in product selectivity was 
observed experimentally. The reason for the lack of obvious trend could be the following. 
Firstly, the temperature range was limited to 200 - 280°C. It is possible that a wider 
temperature range, or more data points within the existing range, is required in order to 
observe any change in slope. 
Secondly, the reaction could be operating exclusively in one controlling regime, for example, 
pore diffusion controlling. However, as will be discussed in Section 3.4, when the catalyst 
was altered from porous (diffusion controlled) to amorphous (reaction controlled), a shift to 
branched products, similar to that for reduced reaction temperatures, was observed. 
Finally, it is possible that the diffusion and adsorption effects are at some intermediate level 
and are not strong enough to cause a definite change in slope over the temperature range 
studied. 
Therefore, although it is possible that diffusion and/or adsorption were responsible for the 
change in product selectivity observed with changing reaction temperature, Arrhenius plots 
of the experimental data could not confirm this. 
The experimental data for Figures 3.8 to 3.12 can be found in Appendix B. 
3.4 Effect of Catalyst Type 
As mentioned previously, four acid catalysts with varying pore sizes and systems were 
chosen for this study on shape selective effects: 
1) SAP0-34 - small pore zeolite with a three dimensional pore system. 
- pore size 3.8 x 3.8 A 
2) H-ZSM-5 - medium pore zeolite with a three dimensional pore system. 
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- pore sizes 5.3 x 5.6A and 5.1 x 5.5A 
3) H-Beta - large pore zeolite with a three dimensional pore system. 
- pore sizes 6.5 x 5.6A and 7.5 x 5.7A 
4) Silica-Alumina - amorphous acid catalyst. 
The structure of these catalysts was discussed in detail in Chapter 1. It should also be noted 
that the pore dimensions given in the literature are usually based on crystallographic data and 
are approximate. Often, molecules IA larger can quite easily diffuse in and out since the 
zeolite pore opening itself is not rigid and is subject to vibrations (Haag and Chen (1987)). 
Propene was oligomerized at 5 MPa and 250°C using the selection of catalysts listed above. 
Due to the wide variation in pore sizes of the chosen catalysts a large variation in the shape 
of the product molecules was expected. Prior to discussing the results of this study, examples 
from the literature that illustrate the shape selective effects of porous catalysts are presented. 
According to Csicsery (1984) there are four types of shape selectivity : 
1) Reactant shape selectivity, which occurs when only those reactant molecules small enough 
to enter the catalyst pores are able to react. 
2) Product shape selectivity, which occurs when only those molecules small enough are able 
to leave the catalyst. The more bulky, branched molecules first have to isomerise to linear, 
less bulky isomers before they can diffuse out. 
3) Transition state selectivity, which occurs when certain transition states are prevented from 
forming due to steric constraints. Under these circumstances products and reactants can still 
diffuse freely in and out of the catalyst pores. However, it is not always possible to 
distinguish between product and transition state selectivity (Venuto (1994)). 
4) "Molecular traffic control", which could occur in zeolites with three dimensional pore 
systems such as H-ZSM-5. Linear molecules can diffuse freely in and out of both the 
circular, sinusoidal channels and the elliptical, straight channels, while the more branched 
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molecules are confined to the elliptical, straight channels (Derouane and Gabelica (1980)). 
Experimental studies were conducted in order to confirm this effect (Derouane et al. (1981)) 
but unfortunately there is doubt as to whether this phenomenon exists. (Weisz et al. (1981) 
and Chen et al. (1989)). 
The constraint index provides a useful tool for comparing catalysts in terms of their shape 
selective effects. Frillette et al. (1981) present values for the constraint index for a number 
of catalysts (See Table 3.2). This parameter approximates the ratio of the cracking rate 
constant of n-hexane and 3-methyl-pentane. 
The Table 3.2 ranks the catalysts according to decreasing shape selectivity. The relevant 
catalysts are marked in bold. Erionite, while not the same as SAP0-34, is also an example 
of a small pore zeolite and thus likely to have a similar constraint index. 
Chabazite, which is structurally similar to SAP0-34 cannot adsorb molecules with a kinetic 
diameter greater than 4.3A (Szostak (1992)) .. Venuto (1994) also states that small pore 
zeolites sorb non-bulky molecules such as n-paraffins or primary alcohols but not branched 
hydrocarbons. Miale et al. (1966) conducted cracking reactions of n-hexane and 2-methyl-
pentane over various catalysts, one of them H-Chabazite. These authors also found that the 
conversion of the linear hexane was higher than that of the branched isomer for this catalyst. 
The kinetic diameter of various molecules is shown in Table 3.3. 
Haag et al. (1982) carried out catalytic cracking of C6 - C9 hydrocarbons over H-ZSM-5 at 
811 K using two crystallite sizes. The authors were able to determine the diffusivities for the 
hydrocarbons under reaction conditions. Their results are shown in Table 3.4. 
The data in Table 3.4 shows that at 81 lK there is a 104 decrease in diffusivities as one 
proceeds from linear to dimethyl structures. Also, the branching appears to have a greater 
effect on the diffusivity than the length of the chain. In other words, 2,2-dimethyl-butane has 
a similar diffusivity to 2,2-dimethyl-heptane. At 81 lK, the presence of a double bond was 
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found to have little effect. 
Table 3.2 : Constraint Index (Frillette et al. (1981)) 
Catalyst Constraint Index 








Amorphous Silica-Alumina 0.() 
ZSM-4 0.5 
H-Zeolon (Mordenite) 0.4 
REY 0.4 
Table 3.3 : Kinetic Diameters of Various Hydrocarbons (Szostak (1992)) 
Compound Structure Kinetic Diameter ,A 
I 
c 




Isobutane I 5.0 C-C-C 
n-Hexane C-C-C-C-C-C 4.3 
n-Butane C-C-C-C 4.3 
--
• 
Chapter 3 - Process Conditions 91 
Table 3.4 : Diffusivities for Hydrocarbons in H-ZSM-5 at 811 K 
(Haag et al. (1982)) 
Carbon Skeleton Diffusivities - cm2/s 
Paraffin Olefin 
C-C-C-C-C-C - 3e-4 
c 
I 4e-5 C-C-C-C-C -
c 
I 





I 3e-8 c -
The catalytic cracking of hexane isomers was also carried out over H-ZSM-5 by Anderson 
et al. (1979) at 673K. The authors found the following decreasing order of extent of 
conversion: n-hexane > 3-methyl:-pentane > 2,2-dimethyl-butane. They attributed this to 
the increase in degree of branching and thus reduced accessibility to the zeolite channels. 
This order was also supported by the decreasing ease of sorption. 
Another example of shape selective effects of H-ZSM-5 is presented by Quann and Kram beck 
(1991). During oligomerisation the degree of branching for the higher carbon numbers found 
in the reaction product was much less than that for unrestricted propene polymerisation. This 
could have resulted from restricted transition states arid/or product shape selectivity (Venuto 
(1994)). 
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hexenes and nonenes, obtained during propene oligomerisation at 250°C and 5MPa for the 
set of acid catalysts discussed at the beginning of this section. The catalysts listed in the 
graph legends are ranked in order of decreasing pore size. The actual conversion for each 
run is given in the legend. 
Figure 3.13 shows the relative amounts of the skeletal structures within the C6 grouping. The 
most notable product spectrum is that for H-ZSM-5 where there is an increase in the number 
of linear isomers at the expense of the branched isomers. Surprisingly, the product spectrum 
for SAP0-34 is similar to the large pore and amorphous catalysts. This could be indicative 
of reaction occurring mainly on the external surface. 
Figure 3.14 shows the relative amounts of the skeletal structures within the nonene fraction. 
Again, the most notable spectrum is that for H-ZSM-5 where: linear structures increase 
relative to the branched structures. This can be seen especially in the increase in the nonane 
and methyl-octane structures. Additionally, the skeletons that possess more than two methyl 
groups are virtually absent from the product spectrum. Among the dimethyl-heptane 
structures, those that have methyl groups on adjacent carbons, i.e. 2,3-dimethyl-heptane and 
3,4-dimethyl-heptane, decrease over H-ZSM-5. On the other hand, those that have methyl 
groups separated by two or more carbons, i.e. 2,5-dimethyl-heptane, 3,5-dimethyl-heptane 
and 2,4-dimethyl-heptane, increase over H-ZSM-5. It is possible that those nonenes with 
methyl groups separated by one carbon atom are able to "twist" and thus diffuse out of the 
catalyst pores with greater ease than those with adjacent methyl groups. The product 
spectrum from the SAP0-34 catalyst is again similar to that obtained from H-Beta and Silica-
Alumina. 
All the above results clearly point to shape selective phenomena occurring over H-ZSM-5 
while these effects are not evident for H-Beta, Silica-Alumina and SAP0-34. 
The experimental data for this section on catalyst type can be found in Appendix B. 
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3.5 Conclusions 
Based on the results presented in this chapter, the following conclusions can be drawn: 
Firstly, the external mass transfer studies presented and discussed in Section 3.2 showed that 
for the purposes of this study, external mass transfer effects could be ignored. 
Secondly, for H-ZSM-5, altering the reaction temperature from 200°C to 280°C showed a 
clear shift in product selectivity from branched to linear skeletons. It is possible that this shift 
is caused by strong diffusion and/or adsorption effects but this could not be confirmed by 
Arrhenius plots of the experimental data. 
Finally, the study performed on various acid catalysts with different structures, confirmed 
the shape selective properties of H-ZSM-5 while H-Beta, Silica-Alumina and SAP0-34 
exhibited none. 
CHAPTER 4 - EQUILIBRIUM STUUIES 
4.1 Introduction 
As stated in Chapter 1, this study adopted a fundamental approach to modelling propene 
oligomerisation. Thus, the aim was to obtain as much information as possible about the 
reacting system. This information would then aid in developing a simple yet kinetically 
accurate model rather than an empirical one. 
Quann and Krambeck (1991) concluded that isomerisation reactions, both skeletal and double 
bond, were much faster than oligomerisation reactions. Thus, they were able to simplify the 
product spectrum by lumping all species with the same carbon number together. However, 
it was not certain whether at 5 3 conversion isomerisation reactions were at equilibrium. 
Indeed it was desirable that they were not so since more information regarding the 
interconversion of skeletal structures could then be obtained. 
Hence, the object of the equilibrium studies was to determine whether at 5 3 conversion the 
reaction products approach equilibrium. This was achieved by comparing actual composition 
data with equilibrium values predicted using various thermodynamic data bases. 
4.2 Experimental 
Propene oligomerisation runs were carried out at 5MPa and 250°C. The experimental 
apparatus used was discussed in detail in Chapter 2. Prior to these runs, liquid product from 
previous test runs had been analysed using three independent methods in order to identify as 
many of the hexene isomers as correctly as possible. Firstly, high purity G. C. standards were 
injected and their retention times compared with those of the products. Secondly, the liquid 
product was analysed using a Hewlett Packard 5890 Series II G.C. with a mass selective 
detector. Finally, samples of the liquid product were sent to SASOL laboratories for 
independent analysis. All analysis methods gave consistent results. All but 1 of the 17 hexene 
96 
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isomers, 3,3-dimethyl-1-butene, were identified in the product spectrum. In addition, two 
pairs of isomers co-eluted, namely 1-hexene and 2-methyl-1-pentene, and cis- and trans-3-
hexene. Additional information regarding the skeletal structure of the C6 isomers as well as 
the C9 isomers was obtained by hydrogenating the liquid product. 
4.3 Methods for Predicting Equilibrium Concentrations 
Equilibrium is defined as follows (Smith and van Ness (1987)) : 
" The equilibrium state of a closed system is that state for which the total Gibbs energy is 
a minimum with respect to all possible changes at the given T and P. " 
In other words : 
(4.1) 
For an elementary reversible reaction, 
A ~B (4.2) 
the following equation for the rate of removal of A can be written : 
- dCA - k C - k C dt - forward A reverse B (4.3) 
At equilibrium both the forward and reverse reaction rates are equal, thus 
(4.4) 
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This can also be written 
(4.5) 
This means that the ratio of the forward and reverse rate constants can be obtained from 
equilibrium concentrations - a useful fact when modelling equilibrium reactions. 
If hexene equilibrium is to be predicted correctly, it is important that the data for all the 
hexene isomers originates from the same source. Variations in thermodynamic and physical 
properties of the isomers are subtle and variations due to different sources could cause 
erroneous predictions. Therefore it was decided to use a reliable correlation to predict the 
critical properties since no complete set was available from one source. 
Three methods of equilibrium prediction were used. Firstly, dalta for the heat of formation 
and Gibbs free energy of formation for each isomer were obtained from Kilpatrick et al. 
(1946), and are referred to as the National Bureau of Standards (NBS). The critical 
properties, Pc, Tc and acentric factor, were predicted using a correlation proposed by Lin 
and Chao (1984). Physical properties were obtained from Rossini et al. (1953). This data 
was entered into the flowsheeting package PROCESS (1986) and equilibrium concentrations 
were predicted using a "Gibbs reactor". The equation of state chosen was Soave-Redlich-
Kwong. (When calculating equilibrium concentrations using a ''Gibbs reactor" PROCESS 
adjusts the amount of each isomer until the total change in Gibbs Free energy is at a 
minimum.) 
Secondly, the heat of formation and Gibbs free energy of formation values taken from Stull 
et al. (1969) were used. The same values for the critical and physical properties were used 
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Figure 4.1 : Comparison Between Experimental and Predicted Equilibrium Values for 
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Figure 4.2 : Comparison Between Flowsheeting Packages (Reaction Conditions : 
250 C, 5 MPa) 
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Lastly, data from the PROCESS data bank was used. The source of this data was the · 
Physical Properties Data Service (PPDS). 
Figure 4.1 shows the results of the three methods of prediction compared with experimental 
equilibrium data available from the NBS tables (1946). Unfortunately, no recent equilibrium 
data could be found in the literature. The figure represents the ratios of 2,3-dimethyl-2-
butene to 3 ,3-dimethyl-1-butene and 2,3-dimethyl-1-butene to 3 ,3-dimethyl-1-butene. (At 
equilibrium the ratio of the concentration of any two of these isomers is constant.) Clearly, 
using data from the NBS tables.provides the best estimate of equilibrium compositions. The 
data from Stull et al. (1969) provides the next best prediction. This figure shows clearly that 
the accuracy of equilibrium predictions is strongly dependent on the source of data. 
Another flowsheeting package, HYSIM (1991) was used together with the NBS data. This 
gave results similar to PROCESS, using the same data (Figure 4.2). This indicates that the 
predictions are not dependent on the process simulation programs used. 
All thermodynamic and physical properties of the hexene isomers used in these calculations 
can be found in Appendix C. 
4.4 Results and Discussion 
Initially, a series of test runs was performed to determine which conditions gave the best 
selectivity to oligomers. It was found that temperatures of 250°C and pressures of between 
2.5 and 5 MPa gave a selectivity to oligomers of about 95 % at a conversion of 5 % . Figure 
4.3 presents results of propene oligomerisation carried out at 250°C and 5 MPa, at 5 % as 
well as at 50 % conversion. This figure shows the concentration of each hexene isomer in the 
total hexene fraction. The product spectra at the two conversion levels indicate a change in 
selectivity regarding the various hexene isomers. This change is especially obvious for the 
2,3-dimethyl-2-butene, cis-and trans-3-methyl-2-pentene, 2-methyl-2-penteneand2-methyl-1-
pentene/1-hexene peaks. Figure 4.3 also shows the predicted equilibrium using NBS data. 
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Figure 4.3 : Comparison Between Experimental and Predicted Rexene Isomer 
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The composition at 50 3 conversion agrees reasonably well with this prediction in contrast 
to that at 5 3 conversion. As stated in Chapter 2, the reproducibility of the experimental data 
was good, whereas confidence in predicted equilibria is lower. Therefore, the differences 
between the 5 3 and 50 % conversion levels are more significant than those between the 
predicted equilibrium compositions and 50 3. It was therefore concluded that at 5 3 
conversion, the hexene isomers are not at equilibrium. 
This· conclusion is further confirmed by examining the results from Quann et al. (1988) 
shown in Figure 4.4. This graph compares experimental and predicted hexene isomer 
compositions for hexene oligomerisation at 227°C and 4.2MPa. Two conversion levels, 3 3 
and 82 3 are presented, along with their predicted equilibrium compositions. Again, for 
almost every isomer the high conversion data are closer to equilibrium than the low 
conversion data. 
The rms difference between the compositions at high conversion and the predicted 
equilibrium compositions is presented in Table 4.1 for this work and for Quann et al. The 
rms difference is also presented for the low conversion data and predicted equilibrium. The 
data in this table confirm that the high conversion runs are much closer to equilibrium than 
those at low conversions. The variations in the rms difference values are much greater than 
experimental error and thus it cannot be assumed that at low conversions the hexene isomers 
are converted to their equilibrium distributions as concluded by Quann et al (1988). 
Table 4.1 : Comparison of RMS Difference Between High and Low Conversions and 
Equilibrium Predictions 
This work Quann et al (1988) 
Conversion 503 53 82% 3% 
rms difference 1.6 4.5 3.1 7.1 
Krambeck and Quann (1991) indicated that double bond isomerisation was much faster than 
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Figure 4.5 : Isomer Compositions within Skeletal Groups for Two Conversion 
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respect to their skeletal structure, they could be at equilibrium with respect to their double 
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There are five major carbon skeletons namely, hexane, 2-methyl-pentane, 3-methyl-pentane, 
2,2-dimethyl-butane and 2,3-dimethyl-butane. For the 2-methyl-pentane group the most 
plentiful isomer was 2-methyl-2-pentene, for the 3-methyl-pentane group it was 3-methyl-2-
pentene and for the 2,3-dimethyl-butane group it was 2,3-dimethyl-2-butene. 3,3-dimethyl-l-
butene was not identified in the product spectrum. 
The fraction of each isomer within its skeletal group was plotted for 5 and 503 conversion. 
The results are shown in Figure 4.5. This figure shows that at both 5 3 and 503 conversion 
the composition of isomers within each skeletal group are similar, and thus it is reasonable 
to assume they are close to equilibrium with respect to the double bond isomerisation. Figure 
4.6 further confirms this when the fractions of each skeletal group at high and low 
conversion are compared with equilibrium composition's at predicted equilibrium. 
.; 
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All the values for distribution of the hexene isomers shown in Figures 4.1 to 4.6 can be 
found in Appendix C. 
4.5 Conclusions 
This investigation has shown that, for propene oligomerisation at 5 % conversion, the skeletal 
structures of the hexene isomers are not at equilibrium. However, the double bond isomers 
within each skeletal group are close to equilibrium even at these low conversions. This result 
validates the use of a model for propene oligomerisation which lumps the skeletal structures 
at each carbon number. It was also shown that the accuracy of predicted equilibrium 
concentrations are dependent on the source of the data used. 
CHAPTER 5 - HEXENE ISOMERISATION 
5.1 Introduction 
The next major section of this thesis involved the study of hexe:ne isomerisation, under the 
conditions of propene oligomerisation. The first aim was to determine whether the hexene 
isomers followed the same isomerisation pathway over H-ZSM-5 as that presented by 
Martens and Jacobs (1990) for superacid catalysts. The second aim was to establish the 
values of the hexene isomerisation rate constants relative to one a.nother. It was intended that 
once the relative values of hexene isomerisation rate constants were known, this information 
could be extended to encompass the isomerisation of nonene isomers. For example, once the 
rate constant for a methyl-shift reaction relative to the rate constant for a reduction in 
branching was known, this relationship could be applied to the isomerisation of the nonenes. 
These isomerisation relationships would aid in reducing the number of parameters required 
to model the reaction, without reducing the complexity of the model. 
Several models were developed to model the isomerisation of hexenes. These models are 
based on the isomerisation of hexene isomers over superacid catalysts presented by Martens 
and Jacobs ( 1990). Since it was intended to extend the hexene isomerisation model to model 
nonene isomerisation, the models developed started with the simplest possible and gradually 
I 
increased in complexity. Double bond isomerisation was ignored during this study since it 
was shown in Chapter 4 that, within each skeletal group, the double bond isomerisation is 
close to equilibrium, even at 5 % propene conversion. 
The first section of this chapter briefly covers experimental details relevant to the hexene 
isomerisation runs. Following this, the isomerisation models are presented in order of 
increasing complexity. The section on each model covers the development of the model, a 
sensitivity analysis of the model and finally the fit of the model to the experimental data. 
Finally, conclusions on the hexene isomerisation studies are presented. 
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5.2 Experimental 
The experiments were performed on a high pressure experimental rig described in detail in 
Chapter 2. Two hexene isomers with different skeletal structures, namely 1-hexene and 4-
methyl-1-pentene, were passed separately over H-ZSM-5 at the same reaction conditions as 
propene oligomerisation i.e. 250°C and 5MPa. The feed stream contained 4 mol 3 of either 
one of the isomers in nitrogen. The low partial pressure of the hexene isomer kept 
dimerisation to a minimum. The characteristics of the H-ZSM-5 used can be found in 
Chapter 2. The conversion to C12 olefins for all data points was less than 93 and for most 
data points less then 5 3. 
The WHSV was varied in order to obtain different levels of conversion. A new experiment 
was carried out for each WHSV, using fresh catalyst each time. This is shown in Table 5 .1 
below. The WHSVs were chosen to cover as wide a conversion range as possible. However, 
several factors limited the range of WHSVs chosen. Firstly, for a fixed WHSV the 
conversion of 4-methyl-1-pentene was higher than 1-hexene and necessitated a wider range 
of WHSVs. Secondly, oligomerisation had to be kept to a minimum and thus for both feeds 
the WHSV could not be decreased below 8hr-1. Finally, the equipment limited the maximum 
and minimum flow possible. 
Table 5.1 : Weight Hourly Space Velocities Used During Rexene Isomerisation Runs 
Feed Isomer : 1-Hexene Feed Isomer : 4-methyl-1-Pentene 
Run Number WHSV hr-1 Run Number WHSV hr-1 
69 8 75 8 
67 10 71 9 
68 17 72 17 
76 56 
Details regarding each isomerisation run can be found in Appendix D. 
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5.3 Nomenclature 
For this chapter on hexene isomerisation the hexene isomers are grouped according to their 
skeletal structures. This is because, as shown in Chapter 4, there is equilibrium with respect 
· to the double bonds. These skeletal groups are represented using the nomenclature shown in 
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5.4 Catalyst Deactivation During Rexene Isomerisation 
For all hexene isomerisation runs over H-ZSM-5 deactivation occurred throughout the run. 
This meant that reaction rates were not constant during each run. Since this problem could 
not be avoided, the experimental data was plotted as concentration of product isomers versus 
concentration of feed isomer. This meant that the variation in catalyst reactivity with time 
on stream was, in effect, cancelled out. Also, this method of plotting the data was sufficient 
to determine the relative reaction rates. This approach was also adopted by Paynter and 
Schuette (1971) when they modelled olefin codimerisation. 
When a catalyst undergoes deactivation during an experimental run, it is possible that a 
change in the reaction mechanism can occur. Figures 5 .1 to 5 .4 plot normalised product 
concentration versus feed isomer concentration for all the isomerisation runs. Figure 5.1 
shows the data obtained from 1-hexene isomerisation while Figures 5.2 to 5.4 show the 4-
methyl-1-pentene isomerisation data. These graphs clearly show that although the catalyst 
deactivated during each run, there was no change in the reaction mechanism. Therefore, the 
isomerisation of hexenes was modelled as product concentration versus feed concentration 
instead of the usual concentration versus time plots. 
5.5 Modelling of Rexene Isomerisation. 
The hexene isomerisation scheme incorporated in all of the following models is based on the 
reaction scheme presented by Martens and Jacobs (1990) for superacid catalysts (Figure 5.5). 
In this scheme the 2-methyl-pentane skeleton (S2) reacts to the dimethyl-branched skeletons 
namely, 2,3-dimethyl-butane (D) and 3,3-dimethyl-butane (DD) via slow Type B 
isomerisation. S2 can also react to' the 3-methyl-pentane skeleton (S3) via fast Type A 
isomerisation. S3 in turn reacts to the linear hexane skeleton (L) via Type B isomerisation. 
The intermediates in all the isomerisation reactions are protonated cyclopropanes (PCP). 
This reaction scheme indicates that 3,3-dimethyl-butenes have the same probability of 
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Figure 5.2: 4-methyl-1-Pentene Isomerisation Experimental Data -
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Figure 5 .6 : Reaction Pathways for Model A 
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product spectra, even at high conversions. This could be due to shape selective effects 
imposed by H-ZSM-5. As shown in Chapter 3, all of the reaction products formed during 
propene oligomerisation over H-ZSM5 have linear carbon skeletons with no more than one 
methyl group per carbon atom. In addition, the predicted equilibrium concentration of 3,3-
dimethyl-butene is very low, 0.45 % (see Figure 4.2), and is therefore not likely to be 
observed in the product spectrum. 
The three models developed will now be presented in turn. 
5.5.1 Model A 
5.5.1.1 Model Development 
A number of workers have successfully modelled oligomerisation over acid catalysts using 
homogeneous reactions, for example Quann and Krambeck (1991), Cao et al. (1988), Alberty 
(1987) and Paynter and Schuette (1971). No effect of adsorption of reactants or products or 
the effect of interparticle mass transfer resistances were included in these models. Since in 
this present study it was intended to extend the information obtained concerning hexene 
isomerisation to nonene isomerisation it was decided to begin with as simple a model as 
possible. Thus Model A was proposed. 
The hexene isomerisation reaction scheme for Model A can be represented schematically as 
shown in Figure 5.6. In this scheme the isomers are grouped according to their skeletal 
structure. As mentioned previously, both S2 and L were fed separately over the catalyst 
during the experimental runs. Feeding S2 provides information about its isomerisation to D, 
S3 and L, while feeding L provides information about its isomerisation to S2 and S3 and the 
fast methyl-shift reaction between S2 and S3. However, none of these isomerisation runs can 
provide information concerning the isomerisation of D to S3 since D was not fed. In 
addition, according to the scheme shown in Figure 5.5, D does not form directly from S3. 
Therefore the isomerisation of D to S3 was not included in the model. 
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In homogeneous Model A the reactions are elementary and the reactor is assumed to be plug 




Since only C6 isomers are considered, the following mass balance relationship can be used 
1 to replace ·en in equation (5.2) above, 
(5.4) 
to give : 
One possible method of solution for a system of first order, lilnear, ordinary differential 
'equations is the method of eigenvectors and eigenvalues, described in detail in Kreyszig 
(1979). (See Appendix D.) This method is applied in solving the above set of differential 
equations namely, equations (5.1), (5.3) and (5.5) : 
-(k7+k2) k 1 k8 
, A = (k2-k6) -(k6+k5+k3+k1) (k4-k6) (5.6) 
k7 k3 -(k4+kg) 
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Let the roots of this equation be A.1, A.2 , A.3 . The matrix of eigenvectors corresponding to 
these \'s is : 
1 1 1 
Next, 
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(5.18) 









detXA. 1 ' 
const4 = 
a 1k6(a6-a 5) 
const5 






A = constl + const2 + const3 
B = const4 + const5 + const6 (5.23) 
D = const7 + const8 + const9 
Applying the following boundary conditions when 4-methyl-1-Pentene is fed, 
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Solving for constants of integration, 
A 
(1-B+a 1A)(a5-a4) a4 -D--------(az-a1) 
C3 = ----------
(a1 -a3)(a5 -a4) 
----- + a6 - a4 
az-a1 
1-B+aiA + (a 1 -a3)C3 Cz = --------
(az -a1) 
C = -A-C -C I 2 3 
Applying the following boundary conditions when 1-Hexene is fod, 
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(a3-a1)C3 +a 1 + B-ay4 c2 = --------
a1-a2 





Since the constants of integration are different for the two sets of boundary conditions, the 
equations (5.19) to (5.21) give rise to two different sets of concentration curves. 
The ratios of the forward and reverse rate constants are equal to the ratios of the equilibrium 
composition of the isomers. The equilibrium composition used was obtained from the 4-
methyl-1-Pentene isomerisation runs. This is shown along with predicted equilibrium 
~concentrations obtained using PROCESS, as discussed in Chapter 4: 
Table 5.3 : Equilibrium Composition of Rexene Isomers 
Skeletal Group Mol 3, Experimental Mol 3, Predicted 
S2 43.3 41.0 
S3 40.6 35.0 
L 8.75 9.93 
D 7.35 13.95 
Thus, the ratios of rate constants are as follows: 
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Table 5 .4 : Ratios of Rate Constants for Model A 
ki/k2 0.2021 
I 
k3/k4 I o.9381 
ks/k6 I 0.1691 
k1lkg 4.642 
5.5.1.2 Sensitivity Analysis 
This section covering the sensitivity analysis illustrates and discusses the effects of the rate 
constants, relative to one another, on the concentration profiles for both starting compounds 
namely, L (hexenes) and S2 (2-methyl-pentenes). Table 5.5 shols the manner in which the 
rate constants were varied in order to assess their influence on the product spectrum. For the 
base case, k4 was chosen to be larger than k2, k6 and k8 because methyl-shift reactions are 
I 
faster than those involving a change in degree of branching; Due to the form of the 
experimental data, i.e. normalised concentration versus feed condentration, only relative rate 
constants could be fitted to the data. Thus, for the sensitivity anklysis the values of the rate 
constants relative to one other is important and not their absolutf values. 
I 
For each feed compound, the results for each case are presented I in the form of two graphs. 
Firstly, the C/Ceq versus time plots are shown. Ceq represents the equilibrium concentration 
of a species. Where clarification is necessary, these graphs contain an insert which shows the 
behaviour of the curves close to zero time. As C/Ceq approaches 1, so each skeletal group 
approaches equilibrium. Secondly, product concentration versus feed concentration curves 
are plotted. All concentrations are normalised with respect to the feed concentration. This 
second set of curves has the same form as the experimental data. Note that for this second 
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Table 5.5 : Model A - Parameters Used in Sensitivity Analysis 
Case k2 k4 k6 kg 
L-S2 S3-S2 n-s2 S3-L . 
1 (Base) 1 10 1 1 
2 100 10 1 1 
3 1 1000 1 1 
4 1 10 100 1 
5 1 10 1 100 
1-Hexene Isomerisation 
The sensitivity analysis for 1-hexene isomerisation is discussed below and the results shown 
in Figures 5.7 to 5.11. 
Case 1 - When the insert in Figure 5. 7a is studied, it can be seen that close to the origin 
S3 has a definite slope while S2 and D do not. Thus S3 behaves as if it were a 
primary product while S2 and D behave as secondary products. S2 is in fact also 
primary but appears as secondary because the overall reaction L - S3 - S2 is faster 
than L - S2. Figure 5.7b shows how both S2 and S3 form rapidly from L and 
increase to a maximum concentration exceeding their equilibrium concentrations. S2 
and S3 establish equilibrium between themselves early on in the reaction, as can be 
seen by the convergence of their curves at approximately t=l in Figure 5.7a. Once 
equilibrium is established, S2+S3 then form and react as one "pseudo-component". 
S2+S3 then establishes equilibrium with the feed component, L. Again this is 
illustrated by the coincidence of all three curves. The final group, S2+S3+L, then 
reacts to form D. In Figure 5. 7b the concentration of D remains small throughout 
most of the reaction and only increases sharply to its equilibrium concentration close 
to overall equilibrium. 
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of magnitude. The behaviour of the reaction products observed in Figures 5.8a and 
5.8b can be explained as follows. L now reacts rapidly to form S2 until a 
concentration exceeding S2's equilibrium value is reached. The rapid interconversion 
of S2 and L result in these components establishing equilibrium between themselves 
and then reacting together as one "pseudo-component" to form S3. This is illustrated 
by the coincident curves of S2 and L from t=0.1 onwards in Figure 5.8a. The S2+L 
group isomerises to form S3 until a concentration exceeding S3's equilibrium value 
is reached. A second "pseudo-component", S3+S2+ L, now reacts to form D. Again, 
this can be seen by the merging of the curves for S3, S2 and Lat t=0.2 in Figure 
5.8a. 
Case 3 - Here the rate constant for the methyl-shift reaction was increased. In comparison 
to case 1, there is in an increase in the rate of formation of S2. The C/Ceq versus 
time plot (Figure 5.9a) shows how the curves of S2 and S3 coincide and they behave 
as one product. Their combined slope close to zero time indicates primary product 
behaviour. These effects result from the almost instantaneous establishment of 
equilibrium between S2 and S3. There is no effect on the formation of D compared 
to case 1. Figure 5.9b also shows the similar behaviour of S2 and S3 for example, 
both of these products overshoot equilibrium to the same extent. 
Case 4 - Here the rate constant for the formation of the double-branched isomer, D, is 
increased. This leads to an increase in the amount of D during the reaction and the 
approach to equilibrium for this compound is faster. S3 and S2 no longer overshoot 
equilibrium since S2 reacts more quickly to form D. S2 and D establish equilibrium 
between themselves early on in the reaction and behave as a single secondary product 
from a series reaction namely, L - S3 - S2 + D. This secondary product behaviour 
is illustrated by the zero slope of S2 + D close to the origin in Figure 5 .1 Oa. On the 
other hand, S3 behaves as the major, primary product. S2 + D establish a local 
equilibrium with S3 before the S2 + D +S3 group establishes overall equilibrium with 
L. This is seen in Figure 5. lOa by observing the order in which the concentration 
curves merge with one another. In Figure 5. lOb, S2 and S3 no longer overshoot their 
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equilibrium concentrations as in case 1. 
Case 5 - Here the rate constant for the formation of S3 from Lis increased. The curves for 
this case, Figures 5. lla and 5 .11 b, are identical to case 2 except S3 has now been 
interchanged with S2. The explanation for the product concentration behaviour is the 
same as for case 2. L reacts rapidly to form S3, which overshoots its equilibrium 
concentration. Since the interconversion of S3 and L is rapid, these compounds 
establish local equilibrium and then react together to form S2 which also reaches a 
concentration exceeding its equilibrium value. Next, the three species, S2, S3 and L, 
establish local equilibrium. Following this S2 + S3 + L then react further to form D 
. and reach overall equilibrium. 
4-methyl-1-Pentene Isomerisation 
Next, the case where 4-methyl-1-Pentene is the starting isomer is discussed : 
Case 1 - S2 is now the starting component. Because the reaction of S2 to S3 is rapid, the 
concentration of S2 drops quickly with a corresponding sharp increase in the 
concentration of S3. S3 reaches a maximum concentration exceeding its equilibrium 
value. Due to the rapid methyl-shift reaction, equilibrium between S2 and S3 is 
established. This equilibrium between S2 and S3 is illustrated by the convergence of 
their curves in Figure 5 .12a. When the curves for S2 and S3 coincide it implies that 
the ratio of their concentrations is constant. After equilibrium between them is 
reached, S2 and S3 react as one "pseudo-component" to form Land D. Lis formed 
quicker than D and also exceeds its equilibrium concentration, but not to such a great 
extent as S3. L, S2 and S3 then establish equilibrium amongst each other. Again, this 
can be seen by the convergence of all three curves in Figure 5 .12a. The ratios of the 
concentrations of L, S2 and S3 to each other is then constant for the rest of the 
reaction. This final "pseudo-component", L+S2+S3, reacts to form D. 
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L is formed rapidly and quickly reaches a concentration exceeding its equilibrium 
value. Equilibrium between L and S2 is established early on in the reaction and this 
can be seen by the convergence of their curves in Figure 5 .13a. The L + S2 group 
then isomerises to S3 and D. S3 is formed much faster than D and also exceeds its 
equilibrium concentration. Equilibrium between S2, S3 and L is now established and 
this group reacts to form D. Throughout most of the reaction the concentration of D 
is suppressed compared to case 1, due to the increase in the rate of formation of L 
(See Figure 5.13b). 
Case 3 - Here the rate constant for the methyl-shift reaction was increased. For this case, 
equilibrium between S2 and S3 is established almost immediately on reaction of S2. 
This results in a sharp drop in the concentration of S2 and a sudden increase in the 
concentration of S3. As for case 1, S3 reaches a maximum concentration exceeding 
its equilibrium value. Once equilibrium between S2 and S3 is established these two 
compounds react as one to form Land D. In a manner similar to case 1, Lis formed 
until it reaches a maximum concentration, exceeding its equilibrium value, and 
establishes equilibrium with the S2+S3 group. L+S2+-S3 then reacts together to 
form D. Compared to case 1, the concentrations of Land D are suppressed during 
most of the reaction due to the rapid formation of S3 from S2 (See Figure 5.14b). 
Case 4 - Here the rate constant for the formation the double-branched isomer is increased. 
This case is similar to case 2, except D and L have been interchanged. D now forms 
rapidly from S2 to reach a maximum concentration exceeding its equilibrium value. 
S2 and D then establish equilibrium, as seen by the convergence of their curves in 
Figure 5 .15a. The S2 + D group then reacts to form S3 and L. S3 is formed quicker 
than L and reaches a maximum concentration just exceeding its equilibrium value. S3 
next establishes equilibrium with the S2 + D group and all three components isomerise 
as one to form L until overall equilibrium is established. 
Case 5 - In this case the rate constant for the interconversion of L and S3 was increased. 
Now L and S3 establish almost instantaneous equilibrium as can be seen by the 
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convergence of their curves in Figure 5 .16a. S2 reacts to form the S3 + L group and 
D. S3 and L form until they exceed their equilibrium concentrations and establish 
equilibrium with S2. The S3+L+S2 group then reacts further to form D until overall 
equilibrium is established. 
5.5.1.3 Insights from Sensitivity Analysis 
One of the purposes of the sensitivity analysis was to determine whether each model 
parameter had a distinct effect on the product spectra. If two or more model parameters had 
similar effects then it would not be possible to determine a unique set of rate constants that 
would describe the data accurately. The figures shown above for Model A clearly show that, 
depending on the initial conditions and the values of the rate constants relative to one 
another, widely differing concentration profiles can be obtained. The rate constant for the 
interconversion of S2 and S3, k4, produces the greatest difference in product spectrum. In 
other words, this parameter should be determined with the greatest accuracy. 
The effect of the different rate constants becomes most apparent when the C/Ceq versus time 
curves are studied. The effect of the different model parameters is not as Clear over the entire 
conversion range when the normalised concentration versus normalised feed concentration 
curves are studied. Therefore when determining the reaction pathways, experimental data in 
the form of concentration versus time curves is preferred. 
If the rate constant for a particular isomerisation reaction exceeds that for all other 
isomerisation reactions, the species involved in this reaction establish a local equilibrium 
amongst themselves early on in the reaction. This local equilibrium group then reacts and 
forms as one "pseudo-component" until overall equilibrium is reached. Once local 
equilibrium between two of the reacting species is established no information can be obtained 
regarding the rate constants for their interconversion. Thus, experimental data should be 
obtained over as wide a conversion range as possible. 
Another important result from the sensitivity analysis was that the slopes as t - 0 do not 
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always provide an unequivocal indicator as to whether a product is primary or secondary. 
Large rate constants for the formation of secondary products can lead to the assumption that 
the product is primary if only the slope close to zero time is considered. 
5.5.1.4 Model Parameter Estimation 
For Model A a Turbo-Pascal program, including a Nelder-Mead optimization routine (Nelder 
and Mead (1965)), was written in order to calculate those rate constants that gave the best 
fit to the experimental data. As mentioned in section 5 .4 above,, the experimental data was 
in the form of normalised product concentration versus normalised feed concentration. For 
a particular set of rate constants, the software integrated the model rate equations 
analytically, using the method of eigenvectors and eigenvalues outlined above, and compared 
the experimental with the model concentrations. The values of the rate constants were judged 
to have converged when the sum of the relative squared error between the model and 
experimental concentrations were less than 10-5. As the quality of the experimental data was 
shown to be good (see Chapter 2), it was decided to give all product concentrations equal 
weighting during the fitting procedure using the relative error. The relative error used is 




L (relative error)2 
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When fitting the data, care was taken to determine whether the solution obtained was unique. 
This was done by varying the initial guess over a wide range of starting guesses. As an 
additional check the experimental data was replaced by model data and the rate constants 
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constants that generated the data. This indeed was found to be the case. 
Because of the form of the experimental data, namely product concentration versus feed 
concentration, only relative rate constants could be calculated. When L was fed the 
concentration of D formed was too low to be detected. However, from the L isomerisation 
data the rate constants for the isomerisation of L ~ S2 relative to the rate constants for L ~ 
S3 could be determined. The rate constant for the methyl-shift reaction S2 ~ S3 could also 
be determined. On the other hand, when S2 was fed the rate constants for S2 ~ D, S2 ~ S3 
and S2 ~ L could be calculated. Therefore, the L isomerisation data was fitted first in order 
. to determine the values of kl/k2 relative to k7 /k8. The S2 isomerisation data was modelled 
next, using the values of kl/k2 and k7 /k8 obtained from the L isomerisation data. The S2 
data gave the values of k3/k4 and k5/k6. Therefore a complete set of rate constants could be 
calculated using both sets of data. 
Once k3/k4 and k5/k6 were established using the S2 isomerisation data, these constants were 
fixed and then the rate constants kl/k2 and k7 /k8 were recalculated from the 1-hexene data. 
However, no improvement in the final set of rate constants was obtained. 
Table 5.6 shows the set of rate co.n~tants obtained from fitting the L isomerisation data. The 
fit of the model to the experimental data is shown in Figure 5 .17. 
Once the values of kl/k2 and k7 /k8 were established from the L isomerisation data, the S2 
isomerisation data was used to calculated the remaining constants. This is shown in Table 
5. 7. The fit of Model A to the S2 isomerisation data is shown in Figure 5 .18. Model A fits 
both sets of hexene isomerisation data well. The isomerisation reaction that is common to 
both sets of data namely, S2 ~ S3, has similar values for its rate constants from both sets of 
data. The final unique set of rate constants, shown in Table 5. 7, was used to predict the L 
isomerisation data and this is shown in Figure 5.19. The error between the 1-hexene data and 
Model A using the final set of rate constants is 10.73. Although this error is larger than for 
fitting the 1-hexene data alone, it is still acceptable. 
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Table 5.8 : Rate Constants for Various Hydrocarbon Rearrangements 
Hexylcarbenium Ions - Olefins -
Martens and facobs (1990) This Work 
kl27°C k227°C k1so 0 c 
Reaction (103 s-1) (105. s-1) (relative) 
1,2-methyl shift - Type A 200 100 11 
e.g. s2-s3 
Di-branched to mono-branched - Type B 5 4 1.8 
e.g. D - S2 
Mono-branched to unbranched - Type B 0.9 1 1 
e.g. S2 - L 
5.5.2 Model B 
5.5.2.1 Model Development 
In Chapter 3 it was indicated that during propene oligomerisation over H-ZSM-5 the 
adsorption of the feed and product olefins could influence the rates of reaction. Therefore, 
the next step in complexity in modelling the isomerisation of hexenes was to account for the 
effects of hexene isomer adsorption. Thus Model B was proposed, which is a Langmuir-
Hinshelwood Model with surface reaction controlling (Smith, (1981), pages 360-367 ). It was 
decided only to model the S2 isomerisation data using this model since this set of data 
contained significant concentrations of product D. Thus, as this experimental data provides 
no information regarding the isomerisation reaction between Land S3 this reaction was not 
included in the model. 
The following steps occur during the reaction : 
S2 + X ~ S2-X Adsorption (5.40) 
""·11 S2-X """ S3-X 
kcat2 




S2-X """ L-X 
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Reaction 
X represents an active site on the catalyst. 
143 
(5.41) 






Where Ci* is the concentration of adsorbed species i, Cv * is the concentration of vacant acid 
sites and Kj is the equilibrium constant of adsorption. 
The rate of formation on the surface is given by : 
(5.47) 
144 Chapter 5 - Hexene Isomerisation 
(5.51) 
Where kcati and k' cati are the forward and reverse rate constants for the adsorbed species on 
the surface and the Kcati are the equilibrium constants for the surface reaction. 
Cm* is the total number of acid sites and is equivalent to the total number of Al atoms as 
obtained from atomic adsorption analysis of the catalyst. Cm* = 0.396 mmol/gcat. 
Additionally, 
Ki 
= ( ~:L = c;1/K81Cv* c;2/K82Cv* 
(5.52) 
~si(c~J K82 K Keat] 
83 C82 eq 83 
or, 
K = K K83 
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(5.55) 
Rearranging (5.51) and substituting for Cv *and for Kcati in (5.47) - (5.50) the following 
equations are obtained: 
dCs2 
dt 





A sensitivity analysis was performed to examine the effect of various model parameters on 
the concentration profiles obtained. The parameters were varied in the manner shown in 
Table 5.9: 
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Table 5.9 Model B - Parameters Used in Sensitivity Analysis 
Case Ks2 Ks3 Kn KL 
1 250 250 250 250 
2 2500 250 250 250 
3 250 2500 250 250 
4 250 250 2500 250 
5 250 250 250 2500 
The units of the equilibrium constants of adsorption are cm3 /mmol. Each case examines the 
effect of increasing each equilibrium constant of adsorption by l order of magnitude. Since 
all species in this reaction are isomers it is unlikely that their equilibrium constants will differ 
by more than 1 order of magnitude from one another. The values shown in Table 5 .10 are 
arbitrary since it was not possible to obtain estimates of equilibrium constants of adsorption 
, for C6 olefins over H-ZSM-5 at 250°C and 5MPa. The following set of relative surface rate 
constants were chosen based on the values obtained from Model A : 
kcatl = 10.0, kcat2 = 1.0, kcat3 = 1.0 
The results of this sensitivity analysis are shown in Figures 5.20 to 5.21. 
Case 1 - This is the base case and is shown in Figures 5 .. 20a and 5.20b. Since the 
equilibrium constants of adsorption are the same for all of the hexene skeletal groups, 
this case is equivalent to the homogeneous model. 
Case 2 - Here K82 was increased and the results shown in Figure 5.21a and 5.21b. When 
the time required to reach equilibrium (C/Ceq = 1) in Figure 5.20a is compared to 
that in 5.21a, it can be seen that an increase in all reaction rates has occurred. This 
is due to the increase in the adsorption of the feed molecule. The selectivity to the 
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Case 3 - In this case Ks3 was increased. A decrease in all the rates of reaction compared to 
the base case was observed, in a manner similar to that shown in Figure 5.21a. This 
is due to an increase in the adsorption of the product molecule, S3. Again, there was 
no change in selectivity to the hexene isomers and for this reason the relevant figures 
are not shown. 
Case 4 and Case 5 - Here the effects were the same as Case 3. An increase in either Kn or . 
KL leads to a decrease in all the rates of reaction compared to the base case. No 
change in selectivity was observed. 
Since the effect of individually varying the rate constants for the surface reaction is the same 
as that for Model A they are not shown here. 
Thus the effect of the equilibrium rate constants is to increase or decrease the rate of 
reaction. There is no change observed for the selectivity to hexene isomers. This can be 
confirmed when the rate equations for this model, (5.54) to (5.57), are examined. The 
selectivity to a particular product can be represented as follows : 
selectivity rate of formation of product i 
total rate of formation of products 




It can be seen from (5.61) above that the equilibrium constants of adsorption do not occur 
in the selectivity relationships and therefore cannot influence the normalised concentration 
versus normalised concentration of S2 plots, which are also a measure of selectivity. 
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5.5.2.3 Insights from Sensitivity Analysis 
The sensitivity analysis showed that increasing the equilibrium constant of adsorption of the 
feed increased the reaction rate while increasing the equilibrium constant of adsorption of the 
products reduced the rate of reaction. However, changing the Ki produced no change in the 
selectivity to the hexene skeletal structures. Unfortunately, this implies that unless the 
experimental data is in the form of concentration versus time no :information can be obtained 
regarding the equilibrium constants of adsorption. This was confirmed when various starting 
guesses were used for the optimization procedure. No unique solution could be found. 
Therefore the Langmuir-Henshilwood equations, where surface reaction controls, cannot be 
successfully used to model this particular reaction namely, the isomerisation of hexene 
isomers, using the present form of experimental data. 
5.5.3 Model C 
5.5.3.1 Model Development 
Model A above does not take into account intracrystalline diffusional effects during the 
isomerisation reaction. As shown in Chapter 3, H-ZSM-5 has a definite shape selective effect 
on the product olefins. Thus Model C was proposed in order to include the effect of 
intraparticle diffusion on the selectivity to the various hexene isomers. 
The effect of adsorption of the isomers was not included in this model for the following 
reasons. If adsorption is accounted for, then the surface concentrations, according to the 
Langmiur-Hinshelwood model for the surface reaction controlling, are given by : 
(5.62) 
It is also not implausible to assume that the equilibrium constants of adsorption (K) are 
similar for the hexene isomers. Thus, if the K's are all similar, then the surface 
concentrations relative to one another will be similar to those in the bulk gas, provided 
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external mass transfer resistances are not significant. (This was shown in Chapter 3.) 
Additionally, it was not possible to obtain estimates for K's for C6 olefins at the relevant 
reaction conditions namely, 250°C and 5MPa. 
The model development which follows is for the isomerisation of S2 i.e. 4-methyl-1-pentene 
feed. Again, as for Model B, it was decided to model the 4-methyl-1-pentene data as this had 
significant concentrations of D. Thus, as the experimental data provides no information 
regarding the isomerisation of L to S3, this reaction was not included in this model. 
A mass balance over a differential volume element in the catalyst particle is performed first. 
This gives rise to a set of differential equations that are solved using orthogonal collocation. 
For a volume element the following mass balance can be written for species i : 
{rate of i in} - {rate of i out} + {rate of production i} 
{rate of accumulation of i} 
(5.63) 
Figure 5.22 shows a differential volume element in a spherical catalyst particle along with 
the concentration profile of a reacting component. The balance equations for the hexene 
isomers over a differential element of the catalyst particle are given by equations (5.64) to 






















Figure 5.22 : Concentration Profile in Catalyst Particle 
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(5.67) 
The system is assumed to be at steady state and therefore the accumulation term is zero. The 
right hand terms represent the rate of production of the isomer via reaction while the left 
hand terms represent the net rate of diffusion into the differential element. Pp is the density 
of the catalyst particle, Ci the concentration of i inside the catalyst particle at position r and 
Di is the diffusivity of component i. The diffusivities are independent, non-interacting and 
given by Fick's Law. 
Next, the non-dimensional variable(} is introduced into equations (5.64) to (5.67). This will 
be required later for orthogonal collocation. 
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The parameters R2ppk/Di are dimensionless terms and represent the ratio of rate of reaction 
to rate of diffusion i.e. the larger the term the greater the influence of diffusion and vice 
versa. These terms are equivalent to the Thiele modulus squared ( <P2 ). 
If equations (5.69) to (5.72) are multiplied through by Di and summed, the reaction terms 




According to Aris (1975) this implies that 
(5.75) 
is the gradient of a potential function. If the diffusion coefficients are constant then 
(5.76) 
is itself a potential function and constant for all values of Ci. Thus the following holds true: 
where Cis is the concentration at the surface. 
Equation (5. 77) can be rearranged to give the following equation for C0 : 
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C = D S3 (C - CS3) + D L (CL c ) + D S2 (C c ) + c D S3 - L - S2 - S2 D D s D s D s s 
D D D 
Substituting for Cn in equation (5. 72) above gives, 
Equations (5.69), (5.70) and (5.79) can be written more simply as : 
'12-c L + corzstC C s2 - corzstD CL = 0 
'12-c s2 - corzstE C s2 + corzstF CL + corzstG C sJ + corzstH = 0 
where, 





corzstB = __ Pk 
Ds3 4 
Rzp 
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constG = __ P k - k ___§}__ R1p ( D ) 






The above equations can now be solved using orthogonal collocation (See Finlayson (1980) 
for a full description of the technique). 
(5. 80) - (5. 82) can be written in the following format : 
N+I 
'LBijcS3,i + constACS2j - constBCS3j = 0 j = 1,2 ... N 
i=l 
N+I 
" B . .CL . + constC Cs2 . - constD CL . = 0 L I) ,I J J 
i=l 
N+I 
'LBijCs2,; - constECs2j + constFCLj + constGCs3j = -constH 
i=l 








Where Cis is the concentration of species i on the catalyst surface. The above equations are 
written for weighting function, W = 1 and N = 3 collocation points. The matrix B is known. 
The above set of equations (5.91) - (5.96) can now be solved for each concentration at each 
collocation point Cij· Each set of Ci/s is also represented by a series of polynomials, for 
example, 
Cs21 di 1 
92 94 96 
I I I 
' 
Cs22 dz 1 92 94 96 
' 
2 2 2 
(5.97) 
CS2,3 d3 1 92 94 96 3 3 3 
CS2,4 d4 1 92 94 96 4 4 4 
The matrix d can then be solved for as both other matrixes are known. Once d is known then 
the concentration of each isomer can be calculated for any point inside the catalyst particle. 
This means that effectiveness factors can also be calculated. The effectiveness factors are 
defined as follows : 
T/ 
or, 
average reaction rate for catalyst crystal with diffusion 
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1 
J< k4Csir) - k3Csi(r) )r 2dr 
0 
1 
J< k4CS3(1) - k3Csi(l) )r 2dr 
0 
I 
J< k2CL(r) - k 1Csi(r) )r 2dr 
1JL = - 0----------
1 
J< k2CL(l) - k1Csil) )r 2dr 
0 
I 
J< k6CD(r) - k 5Csi(r) )r 2dr 
0 11n = -
1
--------
J< k6Cn(l) - k 5C8i(l) )r 2dr 
0 
I 
f < (k5 + k3 + k 1)Cs3 - k2CL - k4Cs3 - k6CD )r 2dr 
0 11s2 = -
1
-----------------------
J< (k5 + k3 + k1)Csil) - k2CL(l) - k4Csil) - k6Cn(l) )r 2dr 
0 





Thus, for each set of surface concentrations and rate constants the: effectiveness factors could 
be calculated. Once the effectiveness factors are known, the concentration of the hexenes in 
the bulk gas can be calculated using, 





Again, as for the previous models, the reactor is assumed to be plug-flow. 
5.5.3.2 Sensitivity Analysis 
A sensitivity analysis was carried out on Model C and the effect of the various Thiele Moduli 
studied. The Thiele Modulus can be varied by either varying the rate constants or the 
diffusion coefficients or both. In this study the diffusion coefficients were varied and the rate 
constants kept constant. The rate constants used are summarised in the Table 5 .10 below : 
Table 5 .10 : Model C - Rate Constants 
kl = 0.202 k1 = 1 
k3 = 9.38 k4 = 10 
k5 = 0.170 k6 = 1 
The rate constants chosen were based on the values obtained for Model A. The diffusivities 
chosen were related to the skeletal structure of the species and are based on the values used 
during the fitting procedure, shown in Table 5.12 later in this section. The most branched 
skeletal structure had the lowest diffusivity while the linear skeleton had the highest. Table 
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5 .11 shows how the diffusion coefficients were varied : 
Table 5 .11 Model C - Parameters Used in Sensitivity Analysis 
Diffusivity cm2/s 
Case S2 S3 D L 
1 (Base) le-6 le-6 le-9 le-5 
2 le-8 le-6 le-9 le-5 
3 le-6 le-8 le-9 le-5 
4 le-6 le-6 le-10 le-5 
5 le-6 le-6 le-9 le-10 
The diffusion coefficients were adjusted until a change in the concentration curves were 
observed. The effect of varying the diffusion coefficients on the concentration of each hexene 
skeletal structure is shown in Figures 5.23 to 5.29 along with the concentration curves for 
Model A. For this sensitivity analysis S2 was the starting compound. The curves pertaining 
to the variation of a particular diffusion coefficient are labelled accordingly. "Model A" on 
all the curves refers to the homogeneous reaction without diffusional effects. 
In Figures 5.23 to 5.26 C/Ceq versus time is plotted. The C's here refer to the concentrations 
in the bulk gas and Ceq refers to the equilibrium concentration of the skeletal group. As 
C/Ceq approaches 1, so the reaction approaches equilibrium. The time scale is chosen to 
display the behaviour of the curves as clearly as possible. In Figures 5.27 to 5.29, 
normalised concentration versus normalised feed concentration for all products namely, S3, 
Land D are plotted. Note that as the feed concentration drops, so the reaction approaches 
equilibrium. 
Case 1 (Base Case) - When diffusional resistances are taken into account, S2 approaches 
equilibrium slower than for the homogeneous reaction, Model A (Figure 5.23). This is 
because this compound now has to diffuse into the catalyst particle before it can isomerise. 
Of the products, S3 and L are favoured over D when case 1 is compared to Model A because 
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these skeletal groups have much higher diffusivities and are able to diffuse out faster. This 
is shown by the increase in the concentrations of S3 and L over D when Model A and the 
Base case are compared in Figures 5.27 to 5.29. The linear structure, L, now approaches 
equilibrium faster than for the homogeneous reaction. This can be seen in Figure 5.24. On 
the other hand, the more branched products, S3 and D, approach equilibrium slower than for 
the homogeneous case (Figures 5.25 and 5.26). 
Case 2 - For this case the diffusivity of the feed, S2, was reduced. As expected, S2 now 
reacts much slower compared to the base case (Figure 5.23). The initial rate of S2 is affected 
most since this is when its rate of formation is highest. Because S2 isomerises more slowly, 
so L and S3 form more slowly and their rate of formation is reduced compared to the base 
case (Figures 5.24 and 5.25). The rate of formation of D is essentially unchanged due to its 
slow diffusivity and reaction rate (Figure 5.26). In the normalised concentration plot shown 
in Figure 5.27, the concentration of S3 drops and overshoots its equilibrium concentration 
less because its rate of formation is slower. The concentrations of L and D now increase 
relative to S3 although D is less affected because its rate of formation and diffusion is slower 
than L's. 
Case 3 - For this case the diffusivity of S3 is decreased. The rate of S2 is affected most at 
the start of reaction since this is where the ratio of reaction rate to diffusion is highest 
(Figure 5.23). S3 undergoes the greatest reduction in its rate of formation at the start of the 
reaction for the same reason. Figure 5 .25 shows how both D82 and D83 have the same effect 
on S3's concentration profile due to the fast interconversion of S2 and S3. The rate of 
formation of L and D are now favoured compared to the base case since less S3 is formed 
(Figures 5.24 and 5.26). In the normalised concentration plots, the concentration of S3 drops 
relative to the other skeletal groups, L and D. 
Case 4 - Here the diffusivity of D is decreased. The rate of S2 is only affected close to 
equilibrium since this is when D starts to form in appreciable amounts (Figure 5.23). The 
slow formation of D decreases the rate at which S2 approaches its equilibrium concentration 





















\ Case 3 
1.40- \ \\ l 
~;. ·· ..... '·,, 
~!, 
1.60-
Case 5 Case 4 
1 . 20 - \~ "·<~ .. :·-·-. 
·-~"-':c-::~~=:::::: 
Model A Base 
1.00-
0. 80-t----r-1 -----r----r---,-------.--_j 
0 0.3 0.6 0.9 1.2 1.5 
Time (s) 
Figure 5.23: Sensitivity Analysis for Model C - Variation in S2 with the Diffusivities 




1 ....... --· 
~~I::.::=.:::::.:::=: 
_J 0.80 
..... ~·· 1··_,. 
Casie 3 ~;;; Model A -0 ........ .,~;.·· / Base -O"' 0.60 
(]) //,?/ 
u --u 0.40 
0.20 
/./:,, Case 2 
/. / /' 
t ,, I , 
/ 













0. 00 4::0 ::::::::--0-.--. 5--. ...---1 --1.--. 5--2.-----2.-. 5-----13 
Time (s) 
Figure 5.24: Sensitivity Analysis for Model C - Variation in L with the Diffusivities 
of Hexene Isomers 
1.20.....---------------------, 163 
,,,~-~~::::::_:._-::::: __ -----=----------------- ------- _______________ : 
1.00-
/ Base . 
I Model A C') 0.80-
~ I 








0 0.5 1 1.5 2 2.5 3 
Time (s) 
Figure 5.25: Sensitivity Analysis for Model C - Variation in S3 with the Diffusivities 
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Figure 5.26: Sensitivity Analysis for Model C - Variation in D with the Diffusivities 
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Figure 5 .27 : Sensitivity Analysis for Model C - Variation in S3 with the Diff usivities 
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Figure 5.28: Sensitivity Analysis for Model C - Variation in L with the Diffusivities 
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Figure 5.29: Sensitivity Analysis for Model C - Variation of D with the Diffusivities 
of Rexene Isomers 
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corresponding increase in the rate of formation of L and S3 and an increase in their 
concentrations relative to D. L is now favoured to such an extent that it overshoots its 
equilibrium value before decreasing to its final equilibrium concentration (Figure 5.28). S3 
now also overshoots its equilibrium concentration to a greater extent than for the base case 
(Figure 5.27). 
Case 5 - Here the diffusivity of L is decreased and results· in a corresponding decrease in the 
rate of formation. The effects observed are similar to that observed for D except they are 
pronounced due to the faster rate of formation of L compared to D. The rate of removal of 
S2 decreases close to equilibrium compared to the base case since this is when L forms in 
significant concentrations. Again, as for case 4, the other skeletal structures, D and S3, are 
now favoured over L. 
5.5.3.3 Insights from Sensitivity Analysis 
A combination of high rate constants and low diffusion coefficients lead to highly developed 
profiles inside the catalyst particle, since the Thiele modulus is large. The opposite is true 
for low rate constants and high diffusion coefficients (small Thiele modulus). 
The sensitivity analysis showed that a reduction in all of the Di's (or an increase in <f/s) 
, brought about unique changes in the product spectra. Since S2 forms all other isomers, a 
'change in S3, L or D automatically leads to a change i~ S2 with regard to concentration 
profile and effectiveness factor and vice versa. S2 and S3 react rapidly and establish 
equilibrium between themselves early on in the reaction. Thus a reduction in either of their 
diffusion coefficients influences their rates at the beginning of the reaction in a similar 
manner. On the other hand, Land D form more slowly and only when their concentrations 
increase substantially towards the end of the reaction, does a reduction in their D's have any 
effect on the concentration profiles of the other species. Additionally, the slower the reaction 
rate, the more the diffusivities must be decreased in order to significantly alter the Thiele 
modulus and observe an effect in the product spectrum. 
Chapter 5 - Hexene Isomerisation 167 
This sensitivity analysis shows if diffusivities are altered, changes are observed in the product 
spectrum at low conversions for S2 and S3, while changes are observed close to equilibrium 
for D and L. Thus, experimental data should be collected over as wide a conversion range 
as possible to observe the behaviour of all the products. 
5.5.3.4 Model Parameter Estimation 
Unfortunately, values for the diffusion coefficients of C6 olefins were not available. As a first 
approximation values for the diffusion coefficients, obtained from Ruthven and Karger 
(1992), for the alkanes with similar carbon skeletons were used. These values, adjusted to 
250 ° C, are as follows : 
Table 5 .12 : Diffusion Coefficients for Model C 
Olefin Skeletal Group Diffusion C_oefficient (cm2/s) 
S2 - 2-methyl-Pentenes 5.192e-6 
S3 - 3-methyl-Pentenes 5.192e-6 
L - Hexenes 7.484e-5 
D - 2,3-dimethyl-Butenes 9.122e-9 
The average crystal size, R, of 2 micron was determined from photographs taken using a 
scanning electron microscope. The crystal density, Pp, was taken to be 1. 75 g/cm3· 
The Turbo-Pascal program used to calculate the rate constants was similar to that for Model 
A, except the rate equations were integrated numerically using a stable, accurate method for 
non-linear systems by Calahan (1968). The software for Model C contained an additional 
routine that calculated effectiveness factors down the catalyst bed for each set of rate 
constants. Again, as for Model A, the values of the rate constants were judged to have 
converged when the sum of the relative squared error between the model and experimental 
concentrations were less than 10-5 . The relative error was defined the same as for Model A. 
A wide range of starting guesses was used for the optimization procedure. Because the data 
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is not in the form concentration versus time no single, unique answer could be found. Table 
5 .13 shows the results obtained for two different starting guesses. 
The fits obtained from both answers are good (Figures 5.30 and 5.32). It can be seen that 
depending on the magnitude of the diffusional effects the rate constants relative to one 
another vary considerably. For guess 1 the reaction is kinetically controlled while the 
reaction for guess 2 is controlled by diffusion. The fit obtained using guess 2 is slightly 
better than for that obtained for guess 1 namely, 7.8% compared to 12.8%. It therefore 
appears that inclusion of diffusion into the isomerisation model produces a marginal 
improvement in fit. 
The model itself however, shows promise. If new data could be obtained in which 
deactivation was minimal then it is likely that valuable information could be obtained. 
Figure 5.31 and 5.33 show how the effectiveness factors vary with increasing conversion or 
alternatively, down the length of the catalyst bed. Some interesting phenomena are observed. 
Firstly, the effectiveness factors for S3 and L sho\\'. asymptotic behaviour close to 
equilibrium. Secondly, the effectiveness factors for S2 and D do not approach 1 as 
equilibriU'm is reached, instead they decrease steadily to a minimum. This behaviour is 
explained in the following paragraphs. 
The effectiveness factor was defined as follows : 
YJ 
average reaction rate for catalyst crystal with diffusion 
rate of reaction evaluated at the swf ace conditions 
(5.107) 
As shown in the sensitivity analysis for Model A, when S2 is fed, S3 is the major product. 
S3 forms rapidly via the methyl-shift reaction until a maximum concentration exceeding its 
equilibrium concentration is reached. Since all the reactions in the model are reversible, S3 
then isomerises, together with S2, to form Dor L until all the compounds reach equilibrium. 
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Figure 5.33: Variation of Effectiveness Factors with Conversion, Model C, Guess 2 
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Table 5 .13 : Model C - Effect of Starting Guesses 
Guess 1 Guess 2 
k2 = 0.1 k2 = 10 
k4 = 1.0 k4 = 100 
k6 = 0.1 k6 = 10 
Reaction Forward Reverse Forward Reverse 
S2 -L 
kl = 0.092 k2 = 0.445 kl = 3.22 k2 = 15.95 
kl* = 0.202 k2* = 1.0 kl* = 0.202 k2* = 1.0 
S2 ... S3 
k3 = 0.853 k4 = 0.909 k3 = 30.23 k4 = 32.23 
k3* = 1.87 k4* = 2.04 k3* = 1.90 k4* = 2.02 
S2 -D 
k5 = 0.027 k6 = 0.162 k5 = 27.0 k6 = 159.0 
k5* = 0.061 k6* = 0.364 k5* = 1.69 k6* = 9.97 
Error 12.83 7.83 
Key : ki* - rate constant normalised with respect to k2 
the maximum concentration is reached, S3 reacts back so that L and D can now form in 
appreciable amounts and therefore its rate is now negative (i.e. rate of removal). In going 
from a positive to a negative reaction rate, the rate of S3 must pass through zero. Because 
of diffusional restrictions, the reaction on the surface of the catalyst lags behind the reaction 
inside the catalyst particle. The concentration of S3 inside the catalyst particle thus reaches 
its maximum and begins reacting back before the S3 on the surface. The reversal in sign for 
the reaction rate and the difference in rates between the surface and inside the catalyst lead 
to an asymptote at the point of maximum S3 concentration. 
For guess 1, L also passes through a maximum concentration closer to equilibrium than S3, 
and for similar reasons described above for S3 displays asymptotic behaviour at this point 
of maximum concentration. Under conditions of diffusion control, guess 2, L no longer 
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passes through a maximum concentration close to equilibrium and so its effectiveness factor 
curve shows no asymptotic behaviour. 
Additionally, close to equilibrium the reaction rates slow down. Due to diffusional 
restrictions, the concentration of D is higher inside the catalyst and therefore approaches 
equilibrium faster inside the catalyst than on the surface. This leads to a sharp drop in the 
effectiveness factor close to equilibrium because the numerator in equation 5. 91 above is 
much closer to zero than the denominator. There is less difference between the rate inside 
and outside the catalyst for the other products because their diffusion coefficients are higher 
and thus 'YJ is close to 1. Since S2 is also affected by D, the effectiveness factor of this 
compound also drops as equilibrium is approached. 
For guess 2 the reaction is diffusion controlled while for guess 1 it is rate controlled. For 
guess 2 the Thiele Modulus (rate of reaction versus rate of diffusion) for all isomers has ' 
increased. As D has the lowest diffusivity this compound is the most affected and there is 
a corresponding decrease in its effectiveness factor. D in turn affects S2 whose 'YJ is less than 
for guess 1. 
5.6 Conclusions 
In the absence of diffusional restrictions, the conclusions reached regarding the rate constants 
for hexene isomer skeletal isomerisation over superacid catalysts are similar those for H-
ZSM5. That is, the 1,2-methyl-shift reactions are approximately one order of magnitude 
faster than reactions involving changes in degree of branching. 
·During the dimerisation of propene the primary products are the 2-methyl-pentenes. These 
undergo rapid methyl shift to form 3-methyl-pentenes. The formation of linear hexenes and 
2,3-dimethyl-butenes is much slower. There is no 3,3-dimethyl-butene formed as suggested 
by the model for superacid catalysts. This is probably due to shape selective constraints 
imposed by H-ZSM-5. 
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The sensitivity analysis showed that no additional information could be obtained by applying 
the Langmuir-Henshilwood equation to this set of hexene isomerisation data. This is because 
it was shown that the equilibrium constants of adsorption have no influence on the normalised 
concentration versus feed concentration plots. 
Although no unique solution could be found for Model C, the inclusion of diffusion into the 
isomerisation model produced a slight improvement it fit. Model C however, shows promise 
and could be useful in determining the extent of diffusional restrictions if it were possible to 
obtain data from which the effect of catalyst deactivation had been eliminated. 
CHAPTER 6 - PROPENE TRIMERISATION 
6.1 Introduction 
The aim of this last section was to develop a model for propene oligomerisation that lumped 
the reaction products according to their skeletal structure. To this end, several experimental 
runs were carried out a different feed concentrations at low conversion. Operation at low 
conversion ensured firstly, that side reactions such as cracking, disproportionation and 
aromatisation were minimised. Secondly, since the skeletal structures were not at 
equilibrium, their interconversion could be mo~elled. Finally, the reactor could be treated 
as a differential one and this would make the modelling task easier. 
It was intended that the information regarding the relative rates of isomerisation obtained 
from the hexene isomerisation study could be incorporated into this model. 
The first section of this chapter covers the experimental details relevant to this section of the 
work. Next, a proposed reaction pathway for the formation of the trimers is presented. 
Following this the results of the oligomerisation at various feed concentrations is presented 
and discussed. Finally, conclusions are presented. 
6.2 Experimental 
The data for this chapter, was obtained by conducting a number of propene oligomerisation 
reactions using several different feed concentrations. The propene feed concentration was 
varied by one order of magnitude by diluting with high purity nitrogen. Reaction conditions 
were kept constant at 250°C and 5MPa. The reactor, was operated at less than 103 
conversion and assumed to be differential for all runs. A summary of all the reactions is 
shown in Table 6.1. More details regarding each experimental run can be found in Appendix 
E. 
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Table 6.1 : Summary of Reaction Conditions for Propene 
Oligomerisation Runs 
Feed Composition (mol % ) WHSV (hr-1) 
Propene Nitrogen (Propene & N2) 
100 0 266 
83 17 435 
77 23 345 
49 51 271 
42 58 292 
30 70 253 
23 77 240 
12 88 231 
As mentioned in Chapter 2, the skeletal structure of the products was identified using a G.C. 
which included pre-column hydrogenation. Only partial separation was achieved for following 
structures, 4-methyl-octane/2-methyl-octane, 2,5-dimethyl-heptane/3,5-dimethyl-heptaneand 
2,6-dimethyl-heptane/2-methyl-4-ethyl-hexane, and these pairs were thus grouped together. 
The experimental apparatus and procedure have been discussed fully in Chapter 2. 
Due to the low conversion, the peak areas for the reaction products in the G.C. spectra were 
small. Therefore, in order to obtain significant peak areas the quantity injected into the G.C. 
had to be increased. Unfortunately, this led to an overload in the signal for the propene peak 
and mass balances could not be calculated. As a compromise, one sample per run was used 
to calculate the mass balance while the others were used to calculate accurate product 
compositions. For the non-mass balance samples conversion was calculated based on the 
amount of reaction product, assuming 100 % mass balance. Since it was established that no 
methane was produced during the reaction, it was used as an internal standard because its 
G.C. response factor was similar to the other reaction products. 
176 Chapter 6 - Propene Trimerisation 
Since the reaction mixture could not be regarded as ideal, compressibility factors, Z, were 
calculated for each run. This was used to calculate the molar density of the feed : 
molar density = p 
ZRT 
Z was calculated using the Lee-Kesler method (see Reid et al. (1987)). For the purposes of 
this calculation it was assumed the reaction mixture consisted only of propene and nitrogen 
since the conversion for all runs was low. 
6.3 Reaction Pathway for the Formation of Nonene Isomers 
The proposed reaction pathway for the formation of the primary and secondary nonene 
isomers during propene oligomerisation is shown in Table 6.2. As the product structures 
were identified using a G.C. with pre-column hydrogenatkm, the hexene and nonene isomers 
are classified according to their alkane carbon skeletons. Those identified during product 
analysis are marked in bold. 
The oligomerisation pathway shown in Table 6.2 is based on the following assumptions and 
principles: 
1. Even at low conversion, all hexene and nonene isomers are at equilibrium with respect 
to their double bonds (see Chapter 4). Because of double-bond equilibrium, the isomers are 
grouped according to their skeletal structures and only skeletal isomerisation reactions are 
considered. 
2. During the hexene isomerisation studies discussed in Chapter 5, four major hexene carbon 
skeletons were identified namely, 2-methyl-pentane, 3-methyl-pentane, hexane and 2,3-
dimethyl-butane. These skeletons were present in the form of primary, secondary or tertiary 
carbenium ions. For the purposes of this study, primary carbenium ions were ignored since 
Chapter 6 - Propene Trimerisation 177 
these less stable ions isomerise readily to the more stable secondary or tertiary ions. 
3. The formation of primary nonene isomers takes place via the Markownikov addition of 
a propene molecule to a hexyl carbenium ion. It was not possible to establish whether the 
reaction involved : 
a) a Markownikov addition of an adsorbed propene molecule to an adsorbed, adjacent hexyl 
carbenium ion or 
b) a Markownikov addition of a gas phase propene molecule to an adsorbed hexyl carbenium 
lOil. 
However, due to the structure of the reaction products from the non-shape selective catalysts 
studied it appears that the Markownikov addition of a gas phase hexene molecule to an 
adsqrbed propyl ion does not predominate over the addition of a gas phase propene molecule 
to an adsorbed hexyl carbenium ion. The addition of the propene molecule to the dimers and 
the formation of the proposed primary products along with their structure is shown in Figure 
6.1. 
4. Once formed, the primary nonene isomers undergo Type A or Type B isomerisation to 
produce an array of secondary nonene isomers. In a manner similar to the hexene isomers, 
nonene isomers undergo isomerisation via protonated cyclopropane intermediates. An 
example of this isomerisation is shown for the 2,4-dimethyl-heptane skeleton in Figure 6.2. 
The 2,5-dimethyl-heptane skeleton is produced via Type A isomerisation and thus only 
involves a methyl shift reaction while the 2-methyl-octane skeleton is formed via Type B 
isomerisation. 
5. This scheme covers reactions occurring during the initial stages of oligomerisation, i.e. 
under conditions of low conversion. For this reason, further nonene isomerisation, cracking 
and disproportionation reactions are not considered. 





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2-methyl-pentane skeleton 4,4- diirethyl-heptane skeleton 
+ + 
2-methyl-pentane skeleton 2-methyl-3-ethyl-hexane skeleton 
2-methyl-pentane skeleton 2,4-dirrethyl-heptane skeleton 
+ 




3-methyl-pentane skeleton 3,4-dirrethyl-heptane skeleton 
y= + + 
~ 




hexane skeleton 4-ethyl-heptane skeleton 
+ 
2,3-dirrethyl-butane skeleton 2,3 ,3- triirethyl-hexane skeleton 
Figure 6.1 : Formation of Primary Nonene Isomers 
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Comer-to-Comer Hydrogen Shift 
Type B Isom:!mation 
THg 
/CH"""- /Cl-lz"""- /CH"'--- T> .. ,,...CHg 
CHg CHz CHz Ctiz 
2- methyl-Octane Skeleton 
Figure 6.2 : Type A and Type B Isomerisation of the 2,4-dimethyl-Heptane Skeleton 
Chapter 6 - Propene Trimerisation 181 
Table 6.3 : Major Nonene Skeletons Ranked in Order of Decreasing Concentration 
H-ZSM-5 H-Beta Silica Alumina Sapo34 
4-m-C8 I 2-m-C8 * 3,4-dm-C7 * 3,4-dm-C7 * 3,4-dm-C7 * 
2,5-dm-C7/3,5-dm-C7 # 2,3-dm-C7 # 2-meth-3-eth-C6 * 2-meth-3-eth-C6 * 
3,4-dm-C7 * 2,5-dm-C7/3,5-dm-C7 # 2,5-dm-C7/3,5-dm-C7 # 2,3-dm-C7 # 
2,4-dm-C7 * 2-meth-3-eth-C6 * 2,3-dm-C7 # 2,5-dm-C7/3,5-dm-C7 # 
3-m-C8 # 2,4-dm-C7 * 2,4-dm-C7 * 2,4-dm-C7 * 
2,3-dm-C7 # 4,4-dm-C7 * 2,3,5-tm-C6 2,3 ,5-tm-C6 
2-meth-3-eth-C6 * 4-m-C8 I 2-m-C8 * 2,3,4-trm-C6 # 2,3,4-trm-C6 # 
linear C9 3-m-C8 # 4,4-dm-C7 * 4,4-dm-C7 * 
2, 6-dm-C7 /2-m-4-e-C6# 2,3,4-trm-C6 # 2,6-dm-C7 /2-m-4-e-C6# 2,6-dm-C7 /2-m-4-e-C6# 
2,2-dm-C7 2,3,5-trm-C6 4-m-C8 I 2-m-C8 * 3-meth-3-eth-C6 * 
4,4-dm-C7 * 2,6-dm-C7 /2-m-4-e-C6# 3-m-C8 # 4-m-C8 I 2-m-C8 * 
2,3,4-trm-C6# 2,2-dm-C7 2,2-dm-C7 3-m-C8 # 
2,3,5-trm-C6 3-meth-3-eth-C6 * 3-eth-3-meth-C6 * 2,2-dm-C7 
3-meth-3-eth-C6 * 
Key : * = primary structures 
# = primary structures that have undergone rapid Type A isomerisation 
A number of additional propene oligomerisation runs were performed on H-Beta, Silica-
Alumina and SAP0-34, the results of which were discussed in detail in Chapter 3. The 
distribution of the nonene skeletal structures for these runs is shown again in Figure 6.3. The 
carbon skeletons of the C9 olefins identified after hydrogenation of the reaction products are 
listed in Table 6.3 for each catalyst in order of decreasing concentration within the C9 group. 
All these runs were carried out at approximately 5 % conversion. 
As discussed in Chapter 3, none of the reaction products from H-Beta, Silica-Alumina or 
SAP0-34 exhibit shape selective effects while those from H-ZSM-5 do. The following 
examples illustrate this. Figure 6.3 shows that the percentage of linear isomers in the product 
from H-ZSM-5 is much higher than that for the other catalysts studied. Additionally, while 
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heptane is the major product from the non-shape selective catalysts. Also, the linear C9 
structure only appears in the H-ZSM-5 product spectrum. When the liquid product from the 
oligomerisation runs was analysed using the mass spectrometer, it was observed that when 
the non-shape selective catalysts were used, the 2,6-dimethyl-heptane/2-methyl-4-ethyl-hexane 
peak consisted mostly of 2-methyl-4-ethyl-hexane while for H-ZSM-5 it consisted mostly of 
2, 6-dimethyl-heptane. 
The experimental data shown in Figure 6.3 and Table 6.3 confirm, in part, the validity of 
the oligomerisation reaction pathway shown in Table 6.2 : 
1. All the non-shape selective catalysts have similar product spectra at 5 % conversion. This 
points to a common reaction mechanism. 
2. For the non-shape selective catalysts, the following major nonene skeletons are observed: 
3,4-dimethyl-heptane, 2,3-dimethyl-heptane, 2-methyl-3-ethyl-hexane, 2,5 and 3,5-dimethyl-
heptane and 2,4-dimethyl-heptane. These structures are, according to the proposed reaction 
scheme, primary products or primary products that have undergone rapid methyl-shift 
reactions. The major products observed for H-ZSM-5 can also be classified in this way, 
except that there is a shift towards the more linear primary products. For example, the 
concentration of 4-methyl/2-methyl-octane increases relative to 3,4-dimethyl-heptane. 
3. For both the shape selective and non-shape selective catalysts studied, the majority of the 
less dominant structures are, according to Table 6.2, secondary isomerisation products. 
~ 
It is interesting to note that those primary nonene skeletons formed from the most stable 
hexene structures (those classified as tertiary carbenium ions) i.e. 4,4-dimethyl-heptane, 3-
methyl-3-ethyl-hexane and 2,3,3-trimethyl-hexane are not present in large amounts, even for 
non-shape selective catalysts (see Figure 6.1). Neckers and Doyle (1977) provide a possible 
explanation for this. They state that in general the more rapid the rate of formation of a 
carbenium ion, the less rapid the rate of reaction of that same carbenium ion with a 
nucleophile. The faster the rate of formation of the carbenium ion, the more stable the 
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carbenium ion, and the slower its subs.equent reaction with a Lewis base (olefin). 
In other words, a possible reason for the low concentration of these primary isomers is the 
stability of the reacting hexenes which inhibits them from oligomerising further with propene. 
From the above discussion, it is evident that determining the reaction pathway for propene 
trimerisation is a non-trivial task. Furthermore, in order to determine the reaction pathway 
unequivocally, additional runs should be carried out by feeding various nonene isomers, of 
varying skeletal structures, as was done for the hexenes. 
6.4 Propene Oligomerisation over H-ZSM-5 under Conditions of Low Conversion 
The following reaction scheme involving elementary, homogeneous reactions was proposed 
for oligomerisation over H-ZSM-5. The alkanes in this scheme represent the. skeletal 
structures of the nonene isomers. Only those compounds present in the H-ZSM-5 product 
spectrum are included here. : 
C3 = + C3 = - 2-methyl-pentane 
2-methyl-pentane - 3-methyl-pentane 
2-methyl-pentane - hexane 
2-methyl-pentane - 2,3-dimethyl-butane 
2-methyl-pentane + C3 = - 2,4-dimethyl-heptane 
2-methyl-pentane + C3 = - 2-methyl-3-ethyl-hexane 
2-methyl-pentane + C3 = - highly branched C9's 
3-methyl-pentane + C3 = - 3,4-dimethyl-heptane 
3-methyl-pentane + C3 = - highly branched C9 's 
hexane + C3 = - 4-methyl-octane 
Formation of primary C6 structure 
Hexene Skeletal Isomerisatipn 
Formation of primary C9 structures 
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2,4-dimethyl-heptane - 2-methyl-octane 
2,4-dimethyl-heptane - 4-methyl-octane 
2,4-dimethyl-heptane - 2,3-dimethyl-heptane 
2,4-dimethyl-heptane - 2;5-dimethyl-heptane 
2,4-dimethyl-heptane - 3,4-dimethyl-heptane 
2,4-dimethyl-heptane - 2-methyl-3-ethyl-hexane 
2-methyl-3-ethyl-hexane - 2,3-dimethyl-heptane 
3,4-dimethyl-heptane - 3-methyl-octane 
3,4-dimethyl-heptane - 4-methyl-octane 
3,4-dimethyl-heptane - 3,5-dimethyl-heptane 
4-methyl-octane - 3-methyl-octane 
4-methyl-octane - 2,3-dimethyl-heptane 
Nonene Skeletal Isomerisation 
Total C9's + C3 = - C12's Formation of C12's 
Using the above reaction scheme the following rate equations can be written : 











those C9's appearing in low concentration, mainly highly 
branched structures 
total of all C9' s 
The other subscripts used are self explanatory. 
(6.1) 
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dC2SdmC7 k r k r 
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dC23dmC7 
dt = k24dmC7--+2'3cl.mC~24dmC7 + k2m3eC6--+23dmC7C2m3eC6 
- (k23dmC7--+24dmC7 + k23dmC7--+2m3eC6 + k23dmC7-+4mC8)C23dmC7 + k4mC8-+23dmC7C 4mC8 
dC34dmC7 
dt = kS3+C3-+34dmC7CC3CS3 + k24dmC7-+34dmC~24dmC7 + k35dmC7-+34dmC~35dmC7 
- (k34dmC7--+24dmC7 + k34dmC7-.35dmC7 + k34dmC7-+4mC8 + k34dmC7-+3mC8)C34dmC7 
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Figure 6.4 : Initial Rates for Propene During Propene Oligomerisation 
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Figure 6.6c: Initial Rates for Nonene Skeletal Structures During Propene Oligomerisatlon 
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reactor was treated as differential and the reaction rate was taken as constant over the catalyst 
bed. Thus, for each run average rates of formation for each product could be plotted as a 
function of average feed concentration. This is shown in Figures 6.4 to 6.6. 
According to the rate equations above, at low conversions the rate of removal of propene 
should be directly proportional to the square of the feed concentration (Equation 6.1). 
Similarly, the rate of formation of the primary 2-methyl-pentane structure should also be 
directly proportional to the square of the feed concentration (Equation 6.3). The rate of 
formation of the primary nonene structures namely, 2,4-dimethyl-heptane, 2-methyl-3-ethyl-
hexane, 3,4-dimethyl-heptane and 4-methyl-octane should be proportional to c6.c3 
(Equations 6.6, 6.9, 6.11 and 6.12). 
When the experimental data plotted in Figures 6.4 to 6.6 was studied it was found that either 
a straight line (first order relationship) or a curve (second order relationship) could be fitted 
to most of the sets of data points. It should be noted that the last data point for all curves 
corresponds to the run conducted at pure feed concentration. This last point does not form 
part of the trend exhibited by the other data points corresponding to lower feed 
concentrations. 
In order to clarify whether the rate of formation of each species was first or second order, 
the selectivity of each reaction product was plotted against the propene concentration in the 
feed (Figures 6. 7 and 6. 8) .. The selectivity for most of the carbon skeletons is either 
unvarying or exhibits only a weak trend for example, S3, linear C9, 2-methyl-3-ethyl-hexane, 
2,3-dimethyl-heptane, 3,4-dimethyl-heptane and 2,4-dimethyl-heptane. Only a few structures 
exhibit obvious changes in selectivity with feed concentration for example, S2 and 2,5-/3,5-
dimethyl-heptane. 
Unvarying selectivity with feed concentration indicates a first order relationship between 
reaction rate and propene concentration as shown by the following example. 
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Figure 6. 7 : Selectivity of Hexene Skeletal Structures at Low Conversions 
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Figure 6.9a : First Order Series Reaction, Feed - 1 mol A 
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Figure 6.lOb : Second Order Series Reaction, Feed - 0.1 mol A 
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A - B - C - D, where all k's = 100 
If the feed concentration is varied by one order of magnitude from A = 1 mo ls to A = 0 .1 
mols there is no change in the selectivity versus conversion curves. This is shown in Figures 
6.9a and 6.9b. Therefore, for a fixed conversion, selectivity would not vary with feed 
concentration. On the other hand, if the following second order series reaction is chosen, 
2A - B - C - D, where all k's = 100, 
and the feed concentration altered by one order of magnitude, Figures 6. lOa and 6. lOb show 
that different product selectivities are obtained for varying conversion. Now, at a fixed 
conversion, the product selectivities are no longer constant for varying feed concentration. 
Other workers who have studied initial rates for liquid phase oligomerisation have observed 
first order behaviour for the removal of the monomer versus its concentration for two 
different catalyst types. Haag(1967) studied liquid phase isobutene oligomerisation over ion-
exchange resins. It was observed that when the feed concentration was high, first order 
behaviour was not restricted to low conversion. On the contrary, at conversions as high as 
803 first order behaviour resulted. When the feed concentration was dropped below 0.04 
mol/litre, second order behaviour resulted. This behaviour was also observed for the 
dimerisation of di-isobutene to tetra-isobutene. Again, at high feed concentrations a first 
order relationship existed while at low feed concentrations the reaction reverted to second 
order. 
Ngandjui and Thyrion (1992) studied liquid phase isobutene oligomerisation over H-
Mordenite and also observed first order behaviour for the feed olefin. Both these authors 
explained this behaviour using the Langmuir-Rideal adsorption mechanism whereby reaction 
occurs between an adsorbed molecule and one in the gas phase. 
Consider the following simple dimerisation reaction, 
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A+ S ~A* 
A*+A--+B* 
where A = monomer (propene) , B = dimer (hexenes) and S = surface site. If the 
Langmuir-Rideal mechanism applies then the reaction rate is then given by: 
(6.18) 
where Ki = equilibrium constant of adsorption and k = rate constant. 
Ruthven and Karger (1992) state that under conditions of elevated pressure the total adsorbed 
phase concentration will increase and the terms the denominator in Equation 6.18 become 
significant. This is especially so for zeolites and results in a decrease in reaction order. 
Where the terms in the denominator are small for example, under conditions of low feed 
concentration, the reaction is second order. 
On the other hand, strong diffusion effects can also result in a reduction of reaction order. 
Ruthven and Karger (1992) also show how for a simple irreversible reaction with reaction 
order of two, the apparent reaction order drops to 3/2 under conditions of strong pore 
diffusion limitations. 
Based on the experimental data shown in this chapter, it is not possible to draw firm 
conclusions as to whether the rate of formation of each species is first or second order. 
However, for most of the species, the selectivity varies very little with feed concentration. 
The observed behaviour could be caused by saturation of the catalyst surface with feed and/or 
product molecules, or by diffusional effects, or both. (Further evidence for adsorption and 
diffusion effects was discussed in Chapter 3.) 
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Because the selectivities do not vary strongly with feed concentration, it is not possible to 
model the low conversion oligomerisation data, presented in Figures 6.4 to 6.9, using the 
proposed oligomerisation model. Operation under conditions of high conversion is also not 
preferred since firstly, there is an increase in side reactions such as cracking and secondly, 
at high conversions the isomers at each carbon number approach equilibrium. 
6.5 Conclusions 
Based on the previous discussions the following conclusions regarding the formation of the 
nonene isomers can be drawn: 
1) For the non-shape selective catalysts studied there is agreement between the skeletal 
structure of the trimers observed and their relative concentrations and the reaction pathway 
proposed in Table 6.1. 
2) The relative concentrations of the nonene skeletal structures is similar for the non-shape 
selective catalysts studied and thus points to a common reaction pathway, similar to that 
illustrated in Table 6.2. 
3) If the reaction product from shape selective catalysts is to be modelled then some 
additional factor accounting for the shape selective effects needs to be superimposed on the 
non-shape selective mechanism to account for the shift in relative nonene concentrations to 
the linear products. 
4) Under conditions of low conversion, the selectivities of the product molecules do not vary 
significantly with the concentration of the propene in the feed. This is possibly due to the 
saturation of the catalyst surface with feed and/or product molecules. It is also possible that 
strong diffusional restrictions are also affecting the reaction. These phenomena complicate 
the modelling procedure. 
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6) The reaction scheme for the formation of the nonene isomers is highly complex and 
further studies should be carried out to fully understand the reaction pathways involved. This 
could be achieved by feeding various nonene isomers and observing the isomerisation 
products that result. 
CHAPTER 7 - CONCLUSIONS 
Based on the results presented in Chapters 3 to 6, the following conclusions regarding the 
development of a model for high pressure propene oligomerisation over H-ZSM-5 can be 
drawn. 
7.1 Process Conditions 
The effect of catalyst structure and temperature on the reaction products from high pressure 
propene oligomerisation was investigated. Based on these studies it was concluded that the 
catalyst structure had a definite influence, namely that of shape selectivity, on the reaction 
product, especially the trimer. The structure of the products obtained from Silica-Aluimina, 
H-Beta and SAP0-34 was similar and was characterised by an abundance of branched 
structures. H-ZSM-5, however, gave rise to products that were more linear in structure. The 
most striking difference between catalyst types was observed for the dimethyl-heptenes. 
Those with methyl groups separated by a single carbon atom experienced an increase in 
concentration over H_-ZSM-5. On the other hand, those with adjacent methyl groups 
decreased in concentration as the shape selectivity of the catalyst increased. It is therefore 
possible that those dimethyl-heptenes with their methyl-branches separated by at least one 
carbon can "twist" and diffuse out of the catalyst pores more easily than those with adjacent 
branches. 
A change in reaction temperature from 200°C to 280°C over H-ZSM-5 resulted in a definite 
shift in the structure of the reaction products from branched to linear. For example, those 
dimethyl heptane structures which possessed adjacent methyl groups and highly branched 
nonene skeletons such as 2-methyl-3-ethyl-hexane decreased with increasing temperature. On 
the other hand, the methyl-octane and nonane skeletons underwent an increase. 
It is possible that the clear shift in selectivity with temperature is caused by strong diffusion 
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and/or adsorption effects. In order to clarify this, Arrhenius plots were generated. Literature 
shows that if there is a transition from one controlling regime to another then there should 
be a change in slope in the Arrhenius plot. This was not observed and therefore the 
Arrhenius plots could not confirm the presence of diffusion or adsorption effects. 
However, if a truly general model is to be developed that is to apply to all reaction 
conditions and catalysts, cognizance should be taken of the shape selective, diffusional and 
adsorption effects occurring in zeolites. 
7 .2 Equilibrium Studies 
Oligomerisation runs were carried out at 250°C, 5MPa at 5 and 503 conversion. 
Equilibrium concentrations were simulated using the flowsheeting package PROCESS. 
Firstly, it was concluded that the accuracy of the predicted equilibrium concentrations were 
dependent on the source of the physical and thermodynamic data used. Secondly, as a result 
of these equilibrium studies, it was concluded that at 5 3 conversion the skeletal structures 
were not at equilibrium. However, there was equilibrium with respect to the double bonds 
within each skeletal structure, even at this low conversion. By comparing predicted 
equilibrium compositions and experimental compositions at 503 conversion it was concluded 
that at 50 3 conversion, the skeletal structures were close to equilibrium. 
Therefore it can be concluded that firstly, double bond isomerisation is much faster than 
skeletal isomerisation and reaches equilibrium almost immediately the products are formed. 
This validates the use of a model for propene oligomerisation which lumps products 
according to the skeletal structures at each carbon number. Secondly, if the relative rates of 
interconversion of the different skeletal structures are to be studied then the reaction should 
be conducted under conditions of low conversion. That is, operation under equilibrium 
conditions provides no information about the isomerisation reactions occurring. 
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7 .3 Hexene Isomerisation 
Hexene isomerisatiori was carried out using two hexene isomers of different skeletal 
structures, namely 4-methyl-1-pentene and 1-hexene. This enabled the isomerisation pathway 
for the dimers to be established. Three models of increasing complexity were proposed to 
model hexene isomerisation. Model A was the simplest and considered only homogeneous, 
elementary, isomerisation reactions : 




methyl shift reaction 
increase in branching 
increase in branching 
decrease in branching 
The rate equations are as follows : 
dCs2 
dt 
Model B was a Langmuir-Henshilwood model with surface reaction controlling. The last 
model, Model C, included intracrystalline diffusional effects during the isomerisation 
reaction. 
Before modelling the reaction, sensitivity analyses were carried out on all the models. On 
the basis of the sensitivity studies the following conclusions could be drawn. 
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Model A - For a particular set of initial conditions and values of rate constants relative to 
one another, widely different concentration profiles can be obtained. Thus each rate constant 
could be determined uniquely. The rate constants for the interconversion of S3 and S2, 
however, had the greatest effect on the concentration profiles and thus could be determined 
with the greatest degree of accuracy. Data in the form of concentration versus time over the 
entire conversion range was found to be the most valuable for observing the influence of each 
rate cpnstant. 
By examining the slope of the concentration versus time curves as t ~ 0 does not necessarily 
establish whether a product is primary or secondary. Large rate constants can cause a 
secondary product to mimic primary product behaviour if only the slope near zero time is 
considered. 
Model B - The results of the sensitivity analyses lead to the conclusion that if the data is in 
the form of normalised product concentration versus normalised concentration of the feed no 
information can be extracted regarding the equilibrium constants of adsorption. It was 
therefore concluded that this model cannot be used to model hexene isomerisation where 
catalyst deactivation is occurring. 
Model C - Each Di had a unique influence on the product spectrum. The sensitivity analysis 
showed that if diffusivities altered, due to differences in reaction rates, changes are observed 
in the product spectrum at low conversions for S2 and S3, while changes are observed close 
to equilibrium for D and L. Thus experimental data should be collected over as wide a 
conversion range as possible to observe the behaviour of all the products. 
Model A provided the best fit to the experimental data. Using both sets of experime~tal data, 
the rate constants that gave the best fit to the experimental data were obtained. Based on the 
results from Model A it was concluded, firstly that the primary product from propene 
dimerisation, namely the 2-methyl-pentane skeleton, undergoes a rapid Type A methyl-shift 
reaction to form the 3-methyl-pentane structure. The 2-methyl-pentane skeleton also 
undergoes simultaneous Type B isomerisation to increase or decrease the degree of 
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branching. These Type B reactions are one order of magnitude slower than Type A reactions. 
The 3,3-dimethyl-butane structure, which according to the hexene isomerisation mechanism 
from Martens and Jacobs (1990) is supposed to form with equal probability as the 2,3-
dimethyl-butane structure, is not observed. It was concluded that this was probably due to 
shape selective constraints. 
Finally, it was concluded that if the effect of internal diffusion on the hexene isomers is 
included in the model, then using the present form of the experimental data, it was not 
possible to obtain a unique set of rate constants. However, Model C shows promise and 
could be useful in determining the extent of diffusional restrictions if it is possible to obtain 
data in the form of concentration versus time, without the influence of catalyst deactivation. 
7 .4 Propene Trimerisation 
The following conclusions regarding the formation of nonene isomers were drawn. For 
Silica-Alumina, H-Beta and SAP0-34 there is agreement between the skeletal structure of 
the trimers observed and their relative concentrations and the proposed reaction pathway for 
trimerisation. According to the model, at low levels of conversion, the major products should 
be primary products or those that have undergone rapid methyl shift reactions. This was 
indeed found to be the case. Thus it can be concluded that 3,4-dimethyl-heptenes, 2,4-
dimethyl-heptenes and 2-methyl-3-ethyl-hexenes are prfmary products during non-shape 
selective trimerisation. Additionally, those products formed by the addition of propene to 
a stable tertiary carbenium ion do not appear to be formed in large amounts. This is in 
agreement with conventional organic chemistry theory. There is also agreement regarding 
structure and concentration of the dimers and trimers at low conversion between all three 
catalysts. This points to a common reaction pathway for non-shape selective propene 
oligomerisation. 
Secondly, it was concluded that if the reaction product from shape selective catalysts is to 
be modelled then some additional factor accounting for the shape selective effects needs to 
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be superimposed on the non-shape selective mechanism to account for the shift in relative 
nonene concentrations to the linear products. 
It was not possible to confirm either a first or second order relationship when the initial rates 
of propene removal and product formation were plotted against the concentration of propene 
in the feed. When the selectivity of each component was plotted against the feed 
concentration, the absence of a strong trend was observed for most species. 
The possible existence of strong diffusion and adsorption effects during propene 
oligomerisation were presented and discussed in Chapter 3. Ruthven and Karger (1992) show 
that both these phenomena can result in a reduction in reaction order. Saturation of the 
catalyst surface with feed and/or product molecules and strong diffusional resistances could 
therefore be responsible for the weak trend observed in the selectivity . versus feed 
concentration plots. 
It was therefore concluded that it was not possible to model this reaction using differential 
data since there is no change in selectivity with changing feed concentration. On the other 
hand, operation in integral reactor mode leads to an increase in side reactions. Operation at 
high conversion also results in equilibrium between the isomers at each carbon number and 
prevents the study of isomerisation reactions. 
Thus, the reaction scheme for. the formation of the nonene isomers is highly complex and 
further studies should be carried out to fully understand the reaction pathways involved. This 
could be achieved by feeding various nonene isomers and observing the isomerisation 
products that result. 
7 .5 Overall Conclusions 
In summary, the main conclusions drawn regarding the development of an oligomerisation 
model are the following : 
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1) Apart from oligomerisation and isomerisation reactions occurring over H-ZSM-5, mass 
transport phenomena such as diffusion and adsorption occur simultaneously. These additional 
phenomena are not insignificant and should be accounted for in a model for oligomerisation 
that is to be widely applicable. 
2) In order to model the interconversion of the skeletal structures the reaction should be 
operated away from equilibrium, i.e. under conditions of low conversion. 
3) During the dimerisation step, the primary hexene skeletal structure, 2-methyl-pentane, 
undergoes rapid Type A, methyl-shift reaction to form the 3-methyl-pentane skeleton. 
According to the homogeneous model, this reaction is one order of magnitude faster than the 
slower, simultaneous Type B reactions that result in the formation of the 2,3-dimethyl-butane 
and hexane skeletons. 
4) There appears to be a common reaction mechanism for the formation of the nonene 
skeletal structures over non-shape selective catalysts. The primary nonene isomers, formed 
during trimerisation reactions most probably are 3,4-dimethyl-heptenes, 2,4-dimethyl-
heptenes and 2-methyl-3-ethyl-hexenes. These then undergo rapid Type A and slower Type 
B isomerisation reactions, similar to those at the C6 level. 
5) Differential reactor operation is not suitable for modelling propene oligomerisation over 
H-ZSM-5 because there is no significant change in selectivity with changing feed 
concentration. It is possible that this is caused by strong adsorption and diffusional effects. 
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Table A.4 Reproduclblllty Between Different Analy•a of the Same Sample 
Run 57, sample 1 
Compound lnj 1 x/mean sq(x-mean) lnj2 x/mean sq(x-mean) lnj3 x/mean sq(x-mean) std dev. coeff. var mean 
2-eth-1-C4= 1.974 1.0003 4.139E-07 1.968 0.9977 2.108E-05 1.977 1.0020 1.558E-05 4.31E-03 0.2182 1.973 
2,3-dm-2-C4= 11.911 0.9998 3.764E-06 11.901 0.9991 1.265E-04 11.926 1.0011 1.739E-04 1.23E-02 0.1035 11.913 
2,3-dm-1-C4= 3.478 1.0126 1.876E-03 3.378 0.9835 3.226E-03 3.448 1.0039 1.818E-04 5.14E-02 1.4963 3.435 
4-meth-2-C5= ,t 6.790 0.9985 1.107E-04 6.822 1.0030 4.256E-04 6.791 0.9985 1.022E-04 1.79E-02 0.2627 6.801 
4-meth-2-C5= ,c 1.417 0.9794 8.886E-04 1.475 1.0193 7.812E-04 1.449 1.0013 3.462E-06 2.89E-02 1.9989 1.447 
3-meth-2-C5= ,t 18.640 1.0002 2.113E-05 18.629 0.9997 3.766E-05 18.637 1.0001 2.370E-06 5.53E-03 0.0297 18.635 
3-meth-2-C5= ,c 10.245 0.9988 1.450E-04 10.278 1.0020 4.327E-04 10.248 0.9991 7.675E-05 1.81E-02 0.1764 10.257 
2-meth-2-C5= 24.334 0.9995 1.489E-04 24.423 1.0032 5.891E-03 24.282 0.9973 4.167E-03 7.14E-02 0.2934 24.346 
4-meth-1-C5= 0.967 1.0131 1.553E-04 0.943 0.9886 1.180E-04 0.953 0.9983 2.564E-06 1.17E-02 1.2307 0.954 
3-meth-1-C5= 0.861 0.9887 9.611E-05 0.876 1.0067 3.412E-05 0.875 1.0046 1.570E-05 8.54E-03 0.9811 0.871 
2m1C5=/1C6= 8.644 0.9994 2.776E-05 8.656 1.0008 4.524E-05 8.648 0.9998 2.123E-06 6.13E-03 0.0709 8.649 
3-C6= ,c & t 2.946 1.0018 2.843E-05 2.927 0.9953 1.879E-04 2.949 1.0028 7.015E-05 1.20E-02 0.4071 2.940 
2-C6=,t 5.324 1.0045 5.637E-04 5.239 0.9884 3.793E-03 5.338 1.0071 1.432E-03 5.38E-02 1.0150 5.300 
2-C6=,c 2.469 0.9966 7.225E-05 2.483 1.0025 3.878E-05 2.480 1.0009 5.166E-06 7.62E-03 0.3077 2.477 
Total 100.00 100.00 100.00 
Average 2.21E-02 0.6137 
Table A.5 Reproduclblllty Between Runs - Propene Ollgomerlsatlon 
Conv 7.3 7.3 7.1 
Date 16/12/94 2/3/95 4/3/95 
WHSV 318 315 266 
Product Run 78 X/mean sq(x-mean) Run 81 x/mean sq(x-mean) Run 82 x/mean sq(x-mean) std dev coeff var mean 
C6 4.335 1.1070 1.755E-01 3.711 0.9475 4.220E-02 3.703 0.9455 4.558E-02 0.3628 9.2648 3.916 
2-m-C5 36.121 1.0169 3.604E-01 35.158 0.9898 1.314E-01 35.283 0.9933 5.658E-02 0.5236 1.4742 35.521 
3-m-C5 13.034 0.9998 9.643E-06 13.029 0.9994 6.989E-05 13.048 1.0009 1.315E-04 0.0103 0.0788 13.037 
2,3-dm-C4 4.395 0.9417 7.401E-02 4.774 1.0230 1.154E-02 4.832 1.0353 2.709E-02 0.2373 5.0852 4.667 
linear C9 0.451 0.8951 2.793E-03 0.535 1.0633 1.015E-03 0.525 1.0417 4.404E-04 0.0461 9.1514 0.504 
3-m-C8 2.774 0.8948 1.064E-01 3.256 1.0501 2.416E-02 3.271 1.0551 2.916E-02 0.2826 9.1159 3.100 
4-m-/2-m-C8 4.186 0.9080 1.800E-01 4.814 1.0441 4.131E-02 4.832 1.0479 4.884E-02 0.3675 7.9711 4.611 
3,4-dm-C7 4.309 1.0096 1.662E-03 4.110 0.9630 2.491E-02 4.385 1.0274 1.370E-02 0.1419 3.3251 4.268 
*4-e-C7 0.175 1.1027 2.659E-04 0.141 0.8914 2.974E-04 0.160 1.0059 8.774E-07 0.0168 10.5818 0.159 
2,3-dm-C7 2.793 0.9853 1.744E-03 2.785 0.9823 2.527E-03 2.927 1.0325 8.470E-03 0.0798 2.8152 2.835 
*3-e-3-m-C6 0.079 0.9975 4.007E-08 0.075 0.9482 1.687E-05 0.084 1.0543 1.855E-05 0.0042 5.3086 0.079 
*2,3,4-trm-C6 0.249 1.0298 5.196E-05 0.217 0.8949 6.480E-04 0.260 1.0754 3.329E-04 0.0227 9.3849 0.242 
*3-e-2-m-C6 1.350 1.0126 2.831E-04 1.275 0.9565 3.361E-03 1.374 1.0309 1.693E-03 0.0517 3.8750 1.333 
2,5-/3,5-dm-C7 3.882 0.9412 5.875E-02 4.209 1.0204 7.108E-03 4.282 1.0383 2.499E-02 0.2131 5.1676 4.124 
*2,6-dm-C7 0.369 1.0193 4.886E-05 0.356 0.9838 3.447E-05 0.361 0.9969 1.251E-06 0.0065 1.7951 0.362 
*4,4-dm-C7 0.355 1.0445 2.284E-04 0.324 0.9541 2.433E-04 0.340 1.0014 2.337E-07 0.0154 4.5213 0.340 
2,4-dm-C7 3.103 0.9281 5.778E-02 3.406 1.0189 4.000E-03 3.520 1.0530 3.138E-02 0.2158 6.4560 3.343 
*2,2-dm-C7 0.444 1.0265 1.314E-04 0.414 0.9574 3.392E-04 0.439 1.0161 4.838E-05 0.0161 3.7281 0.432 
*213,5-trm-C6 0.235 1.1020 4.727E-04 0.188 0.8819 6.346E-04 0.217 1.0162 1.190E-05 0.0237 11.0937 0.213 
*C12 9.619 1.0298 7.743E-02 9.364 1.0025 5.382E-04 9.040 0.9677 9.088E-02 0.2906 3.1105 9.341 
*cracked prod. 7.740 1.0221 2.792E-02 7.862 1.0382 8.368E-02 7.116 0.9397 2.083E-01 0.3999 5.2811 7.573 
Total 100.00 100.00 100.00 
Average 0.1585 5.6469 
* - small peaks, subject to greater variability 
216 
Sample Calculation of Mass Balance, Conversion and Selectivity for a Low Conversion Run 
Run 67 : 4-methyl-1-Pentene lsomerisation Date : 20 April 1994 
Catalyst: H-ZSM-5 
Catalyst Mass (g) : 0.30 
Mass of Quartz Sand (g) : 15.06 
Reaction Conditions 
Temperature, C : 250 
Pressure, MPa : 5 
Feed Flow, mg/min : 87 WHSV /hr: 17 
Internal Std, mg/min: 47 (canst flow) 
Total Flow In= ( 87 + 47) = 134 mg/min 
Compound C6 Skeleton Mass% Mass Mass% 
from G.C. mg/min without D 
C2-C1 0.0000 0.00 0.0000 
C3= 0.1047 0.15 0.1575 
DME, Int. Std. 33.5409 47.00 
C4-C5 0.6207 0.87 0.9340 
4-m-1-C5= 2-m-C5 0.8167 1.14 1.2289 
3-m-1-C5= 3-m-C5 0.9137 1.28 1.3748 
2,3-dm-1-C4= 2,3-dni-C4 0.4003 0.56 0.6023 
4-m-2-C5= ,cis 2-m-C5 1.2594 1.76 1.8950 
4-m-2-C5= ,trans 2-m-C5 4.6932 6.58 7.0618 
2-m-1-C5= 2-m-C5 7.2881 10.21 10.9663 
1-C6= linear C6 0.0000 0.00 0.0000 
2-e-1-C4= 3-m-C5 1.8019 2.52 2.7113 
3-C6= linear C6 1.1708 1.64 1.7617 
2-C6= ,trans linear C6 2.0047 2.81 3.0164 
2-m-2-C5= 2-m-C5 18.8602 26.43 28.3787 
3-m-2-C5= ,cis 3-m-C5 8.9727 12.57 13.5011 
2-C6=,cis linear C6 0.9550 1.34 1.4370 
3-m-2-C5= ,trans 3-m-C5 15.2301 21.34 22.9165 
2,3-dm-2-C4= 2,3-dm-C4 0.9588 1.34 1.4427 
C7=+ 0.4080 0.57 0.6139 
Total 99.9999 140.13 99.9998 
Mass Flow of i = 
(Mass% of i) J (Mass % of Int. Std.) x Mass Flow Int. Std. 
Mass Balance = 
100 - (Total Mass In - Total Mass Out}/(Total Mass In) x 100 = 
100 - ( 134 - 140.13}/{134) x 100 = 95.4 
Conversion (Based on 100% Mass Balance) = 
(100 - Mass% of C6 skeletons (other than 2-methyl-pentane) in product) = 
50.5 
Selectivity to Component i = 


















Sample Calculation of Mass Balance and Conversion for a High Conversion Run 
Run S7 : Propene Oligomerisation Reaction Conditions 
Date : 6 May 1993 
Catalyst: H-ZSM-S Temperature, C : 2SO 
Catalyst Mass (g) : 0.38 Pressure, MPa : s 
Mass of Quartz Sand : 19 Feed Flow, g/min 0.23 
Internal Std, g/min 0.0642 
Sample3 Sample Time, min: 37S - 43S 
Mass Balance 
In g Out g Out (100% Mass Balance} 
Propene 13.2 Gas 10.S7 Gas 
DME 3.8S Liquid S.72 Liquid 
Total 17.0S Total 16.29 Total 
Feed Sample Gas Sample 
Actual 100% MB 
Mass% Mass% Mass,g Mass,g 
Compound 
ethane 0.0281 0.0434 0.0046 0.0048 
propene 78.1162 62.9322 6.6S4S 6.9623 
dme 21.821 S . 31.6786 3.3497 3.S046 
C4= 0.0342 O.S426 O.OS74 0.0600 
CS= 0.6431 0.0680 0.0711 
C6= 3.9822 0.4211 0.4406 
C7/C8= 0.1S22 0.0161 0.0168 
C9= 0.02S8 0.0027 0.0029 
Total 100.00 100.00 10.S741 11.0631 
Liguid Sample Total Stream 
Actual 100% MB 
Mass% Mass,g Mass,g 
Compound Compound 
ethane 0.0000 0.0000 0.0000 ethane 
propene 1.9839 0.113S 0.1188 propene 
dme 1.3769 0.0788 0.0824 dme 
C4= 0.08S1 0.0049 O.OOS1 C4= 
CS= 0.4S77 0.0262 0.0274 CS= 
4-m-1-CS= 0.1067 0.0061 0.0064 C6= 
3-m-1-CS= 0.1136 0.006S 0.0068 > C6= 
23-dm-1-C4= 0.340S 0.019S 0.0204 
4-m-2-CS= ,c 0.18SO 0.0106 0.0111 Total 
4-m-2-CS= ,t 0.7972 0.04S6 0.0477 
2m1CS=/1-C6= 1.067S 0.0611 0.0639 
2-e-1-C4= 0.2360 0.013S 0.0141 
3-C6=,c & t 0.3887 0.0222 0.0233 
2-C6=,t 0.7031 0.0402 0.0421 
2-m-2-CS= 2.9790 0.1704 0.1783 
3-m-2-CS= ,c 1.24S1 0.0712 0.074S 
2-C6=,c 0.3303 0.0189 0.0198 
3-m-2-CS=, t 2.2670 0.1297 0.13S7 
23-dm-2-C4= 1.2SS7 0.0718 0.07S2 
> C6= 84.081 4.8094 S.0338 
100.0 S.72 S.99 
Mass Balance = 
100 - (Total Mass In - Total Mass Out)/(Total Mass In) x 100 = 
100 - (17.0S-16.29)/17.0S x 100 = 9S.S4 
Conversion (Based on 100% Mass Balance} = 
(Mass% C3= in Feed - Mass% of C3= in Product)/(Mass% C3= in Feed) x 100 = 
46.8 

























Calculation of Viscosity of Pure Propene Gas at High Pressures 








acentriC factor, w 
dipole moment, µ 
: 523 K 
: 50 bar 
: 42.081 
: 364.9 K 
: 46 bar 
: 0.274 
: 181 cm3/mol 
: 0.144 
: 0.4 debye 






~ = 0.176 M3~ 4 = 0.005649 
c 
Reduced dipole moment : 
"' = 52.46( µ~,) = 0.0029 
c 
Fp 0 and F Q 0 , correction factors to account for polarity or quantum effects : 
If 0 ::::;; µr < 0.022 then Fp0 = 1 
FQ0 = 1 (This is only used for quantum gases) 
Parameter Z1 : 




- 0.357 exp( -0.449 T,) + 0.340exp ( -4.058 T,) + 0.018]F; F Q 
zl = 0.8395 = rJ° ~ 
Thus the low pressure viscosity, 11° = 148.6 µP 
If ( 1 < Tr < 40 ) and ( 0 < Pr ::::;; 100) then, 
aP,e 
Z2 = rJ° ~ 1 + -------




Correction factors Fp and FQ both = 1. Finally, the viscosity 
Calculation of Self-Diffusivity for Pure Propene Gas 
Correlation by Huen Lee and George Thodos (1983) 
The correlation used is as follows : 
D~ 0.77e-5 
-----
for reduced densities, Pr < 1.0. 





The compressibility factor, Z is calculated using the Lee-Kesler method, recommended by 
Reid et al (1987) for expanded ranges of temperature and pressure : 
z = zo + wZ 1 
zO = 0.8827 and Z1 = 0.0857 are both functions of Tr and Pr. Thus, Z = 0.895. 
Using 
PV = ZRT 
p = 54.06 kg/m3 and Pr = 0.233. Tr is given above. 















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Method of Eigenvectors and Eigenvalues (Kreyszig (1979)) 
Consider the following relationship, where A is a square matrix and A. a number : 
Ax= Ax (A.1) 
The value of A. for which (A - Al)x = 0 is called an eigenvalue of the matrix A. The solution 
vector x (non-zero), which corresponds to a particular A., is called the eigenvector of A. By 
Cramer's theorem the set of differential equations has a solution if and only if : 
det(A-A.I) = 0 (A.2) 
By evaluating <let (A - Al) the characteristic polynomial is obtained. The roots of this 
polynomial are the eigenvalues of A. 
A set of first order, linear, differential equations can be written as : 
y' = Ay + h (A.3) 




(A.5) can then be rewritten as : 
AX= DX (A.6) 
246 
·Now set 
y = Xz (A.7) 
and thus 
y' = Xz' (A.8) 
Substituting into (A.3) above : 
Xz' = AXz + h (A.9) 
Solving for z' : 
(A.10) 
which is the same as 
z' =Dz+ x-1h (A.11) 
or for each component : 
(A.12) 
The solution of (A.12) is given by : 
(A.13) 
Therefore, since both z and X are known y can be determined from (A. 7). The constant of· 
integration, ci, is solved for using initial conditions. 
/ 
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